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Abstract 
The present thesis considers the transport processes of cohesive sediments. The 
cohesive sediment used in the laboratory experiments was kaolinite, a clay min-
eral, in order to be able to reproduce the individual experiments. 
In the first part of the thesis, the theoretical considerations regarding the nature 
of the cohesive sediment with respect to the transport processes is presented. In 
addition, the flocculation process and the rh eo logical behaviour of cohesive sedi-
ments is outlined. 
The second part contains the laboratory experiments. The laboratory experi-
ments were conducted with respect to the erosion, deposition, settling velocity 
and consolidation of cohesive sediments. All experiments were evaluated consid-
ering the reproducibility of the individual experiments. 
The erosion and deposition experiments were conducted in a circular flume. The 
measurements of the settling velocity were carried out in a settling column. The 
consolidation experiments were performed in both the circular flume and a con-
solidation cylinder. 
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Dansk resume 
Nrervrerende afhandling omhandler transportprocesserne for kohresive sedimen-
ter. Det kohresive sediment som blev brugt i laboratoriefors0gene var kaolin . Ka-
olin, som er et kunstigt lermineral, blev anvendt for at kunne reproducere 
laboratoriefors0gene. 
I den f0rste del af afhandlingen prresenteres de teoretiske aspekter ornkring ko-
hresiv sedimenttransport. Selve flokkuleringsprocessen samt de rheologiske for-
hold vedmrende kohresive sedimenter er yderligere beskrevet. 
Den anden del af afhandlingen beskriver laboratoriefors0gene, herunder selve 
fors0gsapparaturet. Laboratoriefors0gene med kohresive sediment blev foretaget 
indenfor f0lgende omrader: erosion, deposition, sedimentationshastighed samt 
konsolidering. Alle fors0gsomraderne blev unders0gt med hensyn til deres 
reproducerbarhed. 
Erosions- og depositionsfors0gene blev foretaget i en cirkulaer rende. Malinger-
ne af sedimentationshastighed blev udf0rt i en sedimentationss0jle. Konsolide-
ringsfors0gene blev foretaget bade i den cirkulaere rende samt i en konsolide-
ringss0jle 
Vll 
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Notation 
Symbol Describtion Unit 
a stroke [m] 
AK Area [m2] 
eh sediment concentration (deposition) [kglm3] 
CD Drag coefficient 
c inlct inlet concentration [kglm3] 
cuniform zone concentration in the uniform zone. [kglm3] 
c,, concentration of salinity [kglm3] 
c concentration [kglm3] 
eo initial concentration [kglm3] 
ccq equilibrium concentration [kglm3] 
D deposition rate [kgl(m2s)] 
D diffusion coefficient [m/s2] 
d diameter [J.Lm] 
d50 mean diameter [J.Lm] 
e void ratio 
E erosion rate [kg/(m2s)] 
Eo erosion rate constant [s/m] 
G velocity gradient [sec-1] 
G mean velocity gradient [sec-1] 
g gravitational acceleration [m/s2] 
i index 
j index 
k the number of grids 
K collision frequency function 
k Boltzmann's constant [J/K] 
k material constants (rheology) 
k empirical constant (settling) 
k permeability [m/s] 
IX 
Symbol Describtion Unit 
k2 empirical constant (settling) 
m source strength [kg] 
m empirical constant (settling) 
m} constant (settling) 
m2 constant (settling) 
mJ constant (settling) 
m4 constant (settling) 
n exponent (erosion) 
n number concentration [1Im3] 
Nu number of collisions 
N number of measurements and calculations 
R reliability of the regression 
Ru sum of the radii [m] 
~' the total sediment flux [kg/(m2s)] 
1'; duration of erosion step [hours] 
T period [sec] 
T temperature (oC) 
t time displacement [min] 
t time [sec] 
UJ lid velocity [m/sec] 
u velocity [m/sec] 
uw pore water pressure. [m/sec] 
w mean current velocity [m/sec] 
~f sett! ing velocity [mm/sec] 
~I settling velocity [mm/sec] 
w5o settl ing velocity [mm/sec] 
w;, flow velocity in the column [mm/sec] 
w,,m sett! ing velocity (deposition) [mm/sec] 
w •. nl measured settling velocity [mm/sec] 
Wsc calculated settling velocity. [mm/sec] 
V volume [mJ] 
V sediment particle velocity [mm/sec] 
VR repulsive force [Nimz] 
VA attractive force [Nimz] 
VT total force [Nimz] 
X distance [m] 
z space coordinate [m] 
a emperica1 constant 
a probability function 
~ transfere function 
~ constant (settling)= 5 
£ dissipation [mz/sJ) 
X 
Symbol Describtion Unit 
l( von kanmin constant 
~ water viscosity [kg/(m s)] 
cj> sediment volume fraction 
'\) kinematic viscosity of the fluid [m2/s] 
pi floc density [kg/m3] 
P •• density of water [kg/m3] 
~p difference in density [kg/m3] 
a standard deviation 
a total stress [N/ml] 
a' effective stress [N/ml J 
't stress acting on the fluid [N/ml ] 
'ty the yield stress [N/m3 ] 
'th bed shear stress [N/ml] 
'th,J critical shear stress [N/m2] 
't, critical shear stress [N/m2 ] 
'!m in minimum bed shear stress [N/m2] 
'th ,min minimum bed shear stress (deposition) [N/m2 ] 
'Vo electrical surface potential [voltage] 
'VD electrical potential [voltage] 
cj> material constants 
XI 

Chapter 1 
Introduction 
Cohesive sediments consist mainly of clay, silt and organic matter. The cohesive 
sediment is generally known as fine sediments when suspended and as mud when 
deposited. The movements of fine sediments is of major importance in many 
coastal areas and estuaries and have been the subject of increasing investigation 
during the last decades. The consequence of these movements is siltation in navi-
gational fairways and harbour docks and degradation of water quality. Sediment 
dredged from the navigational fairways and the harbours is deposited as close to 
the site of dredging as possible in order to reduce the overall costs. In some 
cases, due to the influence from the tidal currents, a portion of the dredged sedi-
ment returns to the area previously dredged. The cost for dredging in France is 
70 mio. dollars/year (Teisson, 1991). Annular dredging costs in one of the major 
harbours in Denmark (Esbjerg harbour) is on average 4.2 mio. kroner (N0rgaard, 
1997). Substantial savings in the cost of maintenance dredging may thereby be 
achieved by selecting a more stable site for disposal of the dredged material. 
The handling and treatment of dredged sediments have been the subject of con-
siderable investigations, e.g. (PIANC, 1996) and (Malherbe, 1991 ). This is be-
cause the dredged material from ports and inland waterways is often 
contaminated with pollutants, e.g. heavy metals, pesticides and radio nuclides. 
Due to the relative large specific surface area and the high capacity of exchang-
ing ions, the cohesive sediment generally adsorb a greater proportion of the pol-
lutants than the more coarse sediments. The adsorption capacity of cohesive 
sediments with the example of cadmium is shown in figure 1.1. 
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Figure 1.1. Content of a heavy metal (cadmium) as a function of the 
sediment grain size (PIANC, 1996) 
The figure shows that the main adsorption potential is connected with the 
clay/silt fraction. It is estimated that 20 tons of mercury, 1000 tons of lead, 3000 
tons of zinc were contained in the dredged material dumped in 1978 in the Neth-
erlands (Teisson, 1991 ). The accumulation of nutrients and organic matter has 
been investigated in Vejle fjord, Denmark. Measurements indicated that the con-
tent of total phosphorus, total nitrogen and organic carbon in the fine grained 
sediment was a factor of 5, 10 and 5 larger than was found in more coarse sedi-
ments (Milj0styrelsen, 1991 ). 
The above mentioned considerations regarding the overall importance of the co-
hesive sediment enhances the need for precise predictions of the movements of 
the sediments and especially the movement of the cohesive sediments. The con-
sequences of spreading cohesive sediments have been most recently investigated 
in Denmark with respect to the construction of the Great Belt link and the 0re-
sund link as discussed by (Bmker et al., 1994). They investigated the spreading 
of the cohesive sediment using advanced numerical models in order to determine 
the shading effects on ellgrass associated with the dredging plumes and the even-
tual fate of the spilled material. This was all done as an integrated part of the En-
vironmental Impact Assessment procedures for the construction work. 
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The numerical modelling of the cohesive sediment transport can be used on three 
related issues (Teisson, 1994): 
estimation of accumulation of sediment in navigational fairways and 
sheltered areas, to infer the cost of dredging. 
evaluation of disposal sites and fate of dumped material at sea. 
water quality problems, where cohesive sediment plays a major role by 
their faculty of adsorption of heavy metals and chemical substances. 
Numerical modelling of the transport of cohesive sediments requires that both 
the hydrodynamics and the dynamics of the cohesive sediment are described cor-
rectly. Regarding the cohesive sediment, the understanding of estuarial cohesive 
sediment dynamics requires, as pointed out by Mehta et al., 1982, a comprehen-
sion of the manner in which sediment aggregates undergo cycles of settling, 
deposition, consolidation, resuspension and advective plus dispersive transports . 
The state of the art in numerical modelling of the hydrodynamics are often or-
ders of magnitude more accurate than modelling of cohesive sediment transport 
and is considered to be applicable. This is due to the lack of well documented 
reference cases for validation of cohesive sediment transport models. Further-
more, the basic related processes of aggregation and break-up are not sufficiently 
considered in cohesive sediment transport (Teisson, 1994). Recently, Kranen-
burg (1994) used a fractal aggregate model to describe the forces between parti-
cles and the structure of the aggregates. The fractal model was based upon the 
"order of aggregation" concept as suggested by Krone (1986) but needs direct 
measurements to assess its limitations. 
One of the important parameters when modelling the transport of cohesive sedi-
ments is the settling velocity. The settling velocity as a function of the suspended 
sediment concentration in different locations is presented in figure 1.2 
The large scatter in figure 1.2 is partly due to differences in the material in ques-
tion, the salinity, temperature and the biological activity due to flocculation and 
partly due to the measuring procedure and apparatus used. These factors affect-
ing the settling velocity is described in chapter 2 and 6. 
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Figure 1.2. Relation between settling velocity and suspended concen-
tration in different estuaries {Eisma et al. 1997) 
Another important parameter, when modelling the transport of the cohesive sedi-
ment, is the critical bed shear stress for erosion. If the bed shear stress is in-
creased above a certain critical value, resuspension/erosion takes place. The 
determination of the critical shear stress for erosion is subject for considerable 
investigations both in the laboratory and in the field. Apparatus for determining 
the bed shear stress are described by (Gust, 1997) (laboratory and in-situ) and 
(Black and Patterson, 1997) (in-situ). The erosion of cohesive sediments will be 
further described in chapter 2 and 4. 
1.1 Scope of the thesis 
The above mentioned parameters are some of the most important ones for mod-
elling the cohesive sediment transport. Therefore, this thesis attempts to quantify 
the main processes regarding the transport of cohesive sediments especially the 
settling and erosion processes. This is done by evaluating the present theories in 
the laboratory and in the field. The possibility of reproducing the experiments 
and the uncertainty related to the experiments is evaluated. 
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The present thesis is divided into 8 chapters. The second chapter concerns the 
overall characteristics of the cohesive sediment, the transport processes and the 
physical characteristics. Chapter 3 presents the circular flume used for the ero-
sion and deposition experiments and its hydraulic properties. The chapters 4, 5, 
6 and 7 deal with the erosion characteristics of cohesive sediments especially re-
garding the density development during the erosion experiment, the deposition 
of cohesive sediments, the settling velocity measured in a settling column with 
the possibility of introducing turbulence and the consolidation of cohesive sedi-
ments and the density development in relation to the erosion experiments. Chap-
ter 8 summarises the main conclusions and finally, the thesis contains two 
appendices covering in A 1, the results of the numerical modelling of the circular 
flume and in A2, the detailed results of the measured settling velocities. 
5 
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Chapter 2 
Properties and 
behaviour of Cohesive 
Sediments 
The behaviour of cohesive sediments is highly dynamic. The sediment properties 
can vary widely and are often not known due to the mixture of sand, clay, silt, 
organic compounds and organisms. The composition of the sediment may vary 
in space and time due to variations in, e.g. the flow velocity and the wave action 
(MAST, 1993). 
In the cohesive sediment system, the characteristic parameters and concepts have 
been extended from characteristic parameters used in non-cohesive systems such 
as size, density and strength to include a time, chemical and biological influ-
enced character. This makes comparisons between measurements conducted in-
situ and in the laboratory extremely difficult without a proper characterization of 
the sediment and the environmental properties. Furthermore, the intention of 
characterization is to introduce a few comprehensive parameters for the mathe-
matical models to predict the morphological changes in, e.g. estuaries and 
harbours. 
Specifically, parameters covering the physical aspects of cohesive sediment are 
investigated below. 
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2.1 Description of cohesive sediment transport 
processes 
The transport of cohesive sediment includes a vertical and a horizontal transport 
of particles. The different processes affecting the suspended sediment concentra-
tion are: 
- horizontal suspended transport. 
- vertical downward settling/deposition. 
- vertical upward erosion/re-entrainment. 
Generally, the main transport processes are transport in suspension, erosion, 
deposition and bed consolidation. These terms can be misleading; for example, 
the fluidization of the cohesive bed and entrainment of fluid mud by hydrody-
namic forcing may both be considered as erosion processes and the settling of 
suspended sediment onto the lutocline, i.e. regions of sharp concentration gradi-
ents, and the formation of the cohesive bed by dewatering of fluid mud can be 
considered as deposition processes. However, in this work, the downward trans-
port of particles is termed settling and the transport of particles from the suspen-
sion to the bed will be termed deposition. The upward transport of particles from 
the bed/Jutocline to the suspension will be termed erosion and finally the com-
pression ofthe cohesive bed will be termed as consolidation. 
It is believed that there exists several transition zones between the mobile sus-
pension and sediment bottom in natural estuaries (Mehta, 1989). Figure 2.1 illus-
trates a four-layer system under turbulent flow conditions. The cohesive bed is 
characterized by being stationary whereas the fluid mud layer is characterized by 
the dynamic response from the flow conditions, i.e. entrainment occurring during 
strong flow conditions and deposition occurring during slack water. The group-
ing of the mobile fluid mud layer and the stationary mud layer implies that there 
exists a time dependency which include the daily and monthly tidal variation. 
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Figure 2.1. Outline of a water column and sediment bed with concen-
tration and velocity profiles (redrawn after Mehta, 1989) 
The mobile suspension is characterized by particles having both horizontal and 
vertical velocities with a suspended sediment concentration ranging up to 150 
kg/m3 (Kirby, 1988). The mobile suspension is "fed" by the gradual erosion of 
the cohesive bed and by the relatively more rapid entrainment from the station-
ary suspensions (figure 2.2). This introduces possible suspended concentration 
gradients in the mobile suspension. In estuaries, the dynamic interaction between 
the mobile and the stationary suspension, where much of the eroded and en-
trained material returns to the stationary suspension, has a time scale of hours or 
days. The mobile suspension is distinguished from the mobile fluid mud layer by 
a concentration gradient known as the lutocline (Parker and Kirby, 1982). 
Stationary mud is highload suspensions ranging up to 250 kg/m3 (Kirby, 1988). 
The stationary mud layer develops by settling from the mobile fluid mud layer. 
Fluid mud is characterized by the fact that the settling velocity approaching zero 
due to the increasing effective stress between the particles gradually balance the 
gravitational force. The fluid mud layer has been observed in several rivers and 
estuaries, e.g. the Severn Estuary (DHI and WQI, 1990; Odd and Cooper, 1989) 
and the thickness of the fluid mud layer is highly dependent upon the tidal varia-
tion. Parker (1994) measured during a tidal period that the fluid mud layer in the 
Severn Estuary was almost constant with respect to magnitude. The fluid mud 
layer is of high interest due to the fact that the presence of the layer can signifi-
cantly increase the siltation of, for example, navigation channels (Ali et al., 
9 
1997). The cohesive bed is characterized by the shear strength exceeding the ap-
plied shear stress with the interparticle contact is sufficient to result in a measur-
able effective stress (Parker, 1986; Stills and Elder, 1986). 
Figure 2.2 illustrates the main cohesive sediment transport processes and their 
interactions. 
Mobile Stationary 
Suspe~nsion ~Suspe~sions 
..g 
~ iJ ~ 
.... ~ -~ 
0 'trf 
Cohesive CP~ . -# 
Bed ~,.so 
Figure 2.2. Cohesive sediment processes and interactions 
(redrawn from Odd and Cooper, 1988) 
2.1.1 Erosion 
The main process by which cohesive particulate aggregates are brought into sus-
pension due to current, or a combination of current and waves is termed erosion. 
Erosion occurs when the bed shear stress (-rh) exceeds a critical shear stress (-r), 
that depends on the bed material characteristics (sediment composition and tex-
ture), bed structure, pore water character, and eroding fluid character (Nichols, 
1986). In figure 2.3 a schematic presentation of the forces acting on each indi-
vidual aggregate on the bed surface is shown. The bed shear stress is then a com-
bination of the drag force and the hydrodynamic lift force, whereas the critical 
shear stress is a combination of the time-dependent aggregate-aggregate interac-
tion and the gravitational force . 
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F 1 : Hydrodynamic lift force 
F d; Hydrodynamic drag force 
F 1 : Gravitational force 
-Aggregate 
Fee: Electro-chemical interaction 
Figure 2.3. Forces acting on the individual aggregate 
Three modes of erosion can be defined (Mehta, 1991; Van Rijn, 1989): 
1: surface erosion which is a removal of individual particles and/or aggre-
gates. 
2: mass erosion which is generated by a geotechnical failure within the bed 
so that all the material above a plane is almost instantly brought into sus-
pension. 
3: re-entrainment of a high density suspension where the bed is first fludized, 
and internal waves on the fluid mud-water interface causes thus interfacial 
entrainment and mixing. 
The interparticle electrochemical bonds of the cohesive bed must be broken be-
fore resuspension occurs and the critical shear stress must be exceeded before 
erosion can begin. 
Generally, the erosion rate has been assumed to increase linearly with excess 
shear stress ('th - 't,), i.e. (Nichols, 1986) and (Sheng and Lick, 1979). The con-
sensus on the critical shear stress is that it is mainly related to the sediment con-
centration (dry density), e.g. (Parchure and Mehta, 1985), (Van Rijn, 1989) and 
(Mehta, 1986). It has been experimentally indicated that the strength of the bed 
material increases with time (Johansen et al., 1997), implying that the erosion 
rate, also can be a function ofthe consolidation time. 
Field observations and laboratory experiments with real sediment have shown 
that the erosion rate can be non-linear and can be expressed mathematically by a 
non linear expression (Johansen et al., 1997; Olsen and Kjelds, 1991; DHI and 
WQI, 1990; Lavaelle et al., 1984): 
11 
(2.1) 
where E11 is the erosion rate constant and n is an empirical exponent. 
For consolidated beds the equation found in Mehta et al. (1982), where the ero-
sion rate varies linearly with the excess shear stress, can be used. 
2.1.2 Settling 
An important parameter characterizing the hydraulic behaviour of cohesive sedi-
ments in natural environments is the settling velocity. The settling velocity is es-
sential for the description of the vertical transport and for the deposition, which 
again controls the horizontal transport. 
Flocculation!aggregation have been found to be a significant mechanism for set-
tling characteristics (Krishnappan and Ongley, 1988). In estuaries, the main 
mechanism with respect to flocculation is differential settling and turbulent 
shear, mentioned in section 2.2.1. The theoretical considerations of the floc size 
as a function of turbulence level and suspended sediment concentration were 
presented by Dyer (1989) and illustrated in figure 2.4. 
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Figure 2.4. Schematic diagram showing the relationship between floc 
size, suspended concentration and shear stress 
(Dyer, 1989) 
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At relatively low turbulent shear, the floc size and the settling velocity are con-
sidered to increase with the suspended sediment concentration because the num-
ber of collisions increases yielding a higher settling velocity than the individual 
particles. However, floes which are not strong enough will be broken up due to 
the turbulence, hereby limiting the floc size and the settling velocity (Mehta and 
Partheniades, 1975; Van Leussen, 1988). The floc break-up becomes more sig-
nificant than the sediment concentration at higher turbulent shear, this limits the 
floc size and the settling velocity. Laboratory experiments have been conducted 
using a recirculating settling column with the possibility of introducing turbu-
lence by means of an oscillating grid (Johansen and Larsen, 1997). The measure-
ments indicated that turbulence and the suspended sediment concentration were 
important factors influencing the settling velocity. 
Furthermore, the settling velocity decreases rapidly with particle size but the ag-
gregate settling velocity and the floc diameter retain the same order of magnitude 
due to the increasing aggregation with decreasing particle size (Mehta, 1989). 
Generally, the settling velocity is significantly higher for aggregates than calcu-
lated using Stokes equation (Van Leussen, 1988). 
The settling velocity of fme marine sediments has for several years most often 
been measured by the Owen tube (Owen, 1970). The Owen tube method seems 
suitable for relative comparisons between different types of fine sediments but 
its capability of giving absolute values of the settling velocity has never really 
been proven. The settling velocity measured in Owen tubes can only be related 
to the initial suspended sediment concentration. 
For in-situ applications a submersible video system was developed by Van Le-
ussen and Comelisse (1992, 1993). The settling velocity is measured in a small 
vertical tube, where turbulence is not present. Depending on the floccula-
tionlbreak-up dynamics of the actual particles also this instrument may perhaps 
to some degree disturb the measurement. The video system has the advantage 
compared with the Owen tube that the time of measurement is small. This limits 
the significance ofthe absence ofturbulence. 
Measurements (Owen tube) with natural marine sediment show an exponential 
increase in the settling velocity with the sediment concentration and the follow-
ing equation is generally accepted (e.g. Krone, 1962; Mehta, 1986; Van Leussen, 
1988; Van Rijn, 1989): 
(2.2) 
where W., is the settling velocity, k is an empirical constant, C is the suspended 
sediment concentration and m is an empirical exponent. 
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The m-value (equation 2.2) have been reported varying from 0.6 to almost 3 
strongly dependent on the sample location (Eisma et al., 1997). 
When the suspended sediment concentration exceeds 3-5 kg/m3 equation 2.2 has 
to be modified because of a decrease in the settling velocity with increasing con-
centration due to interparticle hindrance (figure 2.5). 
0.10 1.0 
k, =0.513 
n =1.29 
Wso =2.6 mm/st 
112 =0.008 {3 =4.65 
10.0 100.0 
Concentration [kg/m3] 
Figure 2.5. Settling velocity versus suspended concentration. 
Measurements conducted using Severn Estuary Mud 
(Mehta, 1986). 
The settling velocity approaches zero at suspended sediment concentrations 
above I 00 kg/m3 • The hindered settling is caused by the sediment forming a 
nearly continuous network through which the pore water must escape slowly up-
wards for settling to continue (Mehta et al., 1989). The change from free settling 
to hindered settling is dependant upon the type of sediment. The following rela-
tion has been found to be applicable (Mehta, 1986; Richardson and Zaki, 1954; 
Lavelle and Thacker, 1978). 
(2.3) 
where W0 is the settling velocity in the intermediate stage between free and hin-
dered settling, k is an empirical constant and ~ :::: 5. 
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Figure 2.6 shows the settling velocity versus the suspended concentration for the 
Thames (in-situ measurements), the Severn Estuary (in-situ measurements), San 
Francisco bay (laboratory measurements) , Ho bay (measurements in natural sea 
water and in synthetic sea water with varying salinity), and for Esbjerg harbour 
(measurements in synthetic sea water ofNaCl). 
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Figure 2. 6. Comparisons of settling velocities measured in-situ on dif 
ferent locations and in the laboratory (Burt, 1986; van 
Leussen, 1988; Meller-Jensen, 1993; Johansen and Meld-
gaard, 1993). 
As suggested by the data in figure 2.6, the settling velocity depends on the sedi-
ment, the fluid compositions and on the environment. The discrepancy between 
the measured settling velocities presented in figure 2.6 regarding Ho Bay and 
Esbjerg harbour could be due to the use of artificial sea water compared to natu-
ral saline water, disturbance of aggregates during sampling, variation in hydro-
dynamics and sediment properties of different tidal systems and the sample 
apparatus. The in-situ measurements resulted in significantly higher settling ve-
locities than those measured in the laboratory probably due to differences in the 
biological background in the area and the chemical composition of the fluid. 
Generally, the large scatter in the measured settling velocity emphasize the need 
to characterize the cohesive sediment uniquely and thereby making comparisons 
between different measurements meaningful. 
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2.1.3 Deposition 
The deposition process describes the transport of sediment from the suspension 
to the bed. The depositional behaviour of aggregates are controlled by the dy-
namics of the interaction between the flocculation/break-up and the probability 
that an aggregate of a given size and shear strength may deposit on the bed (Par-
chure, 1984). Deposition experiments have shown that the suspended sediment 
concentration decreases and approaches the "equilibrium concentration", i.e. the 
flocculation of the aggregates and the break-up are in equilibrium . The equilib-
rium concentration is dependent upon the initial concentration, the bed shear 
stress, and sediment type. Experiments conducted with kaolinite in destilled wa-
ter are shown in figure 2.7. Experiments indicate that simultaneous erosion and 
deposition can not occur (Lau and Krishnappan, 1994). 
0 
u 
' u 
• 
8 10 12 14 16 18 20 
TIME (hrs) 
Figure 2. 7. Relative concentration (CIC0 ) versus time with different 
bed shear stress ('t,). Experiments conducted with kao/inite 
in distilled water (Mehta, 1986). 
The mathematical description of the deposition rate is presented by the following 
equation (Krone, 1962). 
(2.4) 
where D is the deposition rate, W. •. ., is the settling velocity immediately above the 
bed, Ch is the near-bed suspended sediment concentration and a expresses the 
possibility for a particle to adhere to the bed given by: 
a=(l- ~) 
'th ,d 
(2.5) 
where 'th.J is the critical shear stress below which all initially suspended sediment 
deposits eventually. 
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Using equation 2.4 three different cases appear; when tb >= th.d the deposition 
rate is 0, when 0 < 'tb < tb,J the possibility for deposition is given by equation 2 .5 
and when 't, = 0 equation 2.5 equals 1 and thereby full deposition. However, it 
should be noted that equation 2.4 is primarily been used in numerical modelling 
of cohesive sediment transport and do not describe that actual deposition experi-
ment, hence that the expression do not approach an equilibrium concentration. 
Critical shear stresses for deposition for different muds is given in table 2.1 
Sediment 'th.J [N/m2 ] 
Kaolinite 0.15 
San Francisco Bay mud 0.10 
Maracaibo mud 0.08 
Table 2.1. Values of the critical shear stress (Mehta, 1986). 
The temperature effect on deposition of cohesive sediments has been analysed 
by Lau (1994). The experiments were conducted in a circular flume where the 
shear stress was generated by rotation of the top cover. The sediment used was 
kaolinite with a mean diameter of 5 ~m and the fluid was distilled water and a 2 
% salt solution. Moreover, experiments were conducted using sediment and wa-
ter from the Nith River. The results showed that the deposition increases when 
the temperature decreases due to the change in repulsive energy between the co-
hesive particles (cf. section 2.2.1 ). 
Lau and Krishnappan (1992) analysed the particle size distribution during depo-
sition experiments. During the experiments the median diameter decreased ap-
proaching a constant value as for the total concentration. The median diameter 
decreases with decreasing bed shear stress because the floes are less disrupted 
and more floes are able to deposit. Furthermore, the finest particles were re-
moved faster than expected from Stokes law because flocculation enabled the 
finer particles to settle out sooner. 
2.1.4 Consolidation 
The consolidation of cohesive sediments is the compression and deformation 
process of deposited aggregates due to the self-weigth of the overburden. The 
consolidation process is influenced by many parameters such as the grain size 
distribution, the salinity, organic matter and turbulence intensity, (see. e.g. 
MAST, 1993). The degree of consolidation of sediments is of importance for the 
erosion strength and its fluidization/liquefaction potential. Furthermore, it is 
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important for the shear strength, which is relevant for the planning of dredging 
operations concerning the definition of the bed level. 
The forming of a mud bed consists of three main stages: settling, hindered set-
tling and consolidation. The concentration is increasing from the low concentra-
tions in suspension to high concentrations in the consolidating layer. Figure 2.8 
reveals the different stages of consolidation due to the change in the interface be-
tween the sediment and the supematant. The experiment was conducted with an 
initial concentration of 50 kg/m3 and a water depth of 25 cm. 
The tendency of the time-varying interface is also found in the experiments con-
ducted by Toorman (1992). Due to the combined action of hindered settling and 
consolidation the cohesive bed is f01med. During the consolidation, the deforma-
tion of the soil structure forces pore water to move out of the squeezed pores. 
The driving force for the pore water flow is the excess pore water gradient, de-
fined as the difference between the pore water pressure and the hydrostatic pres-
sure. Due to the increasing flow resistance in the drainage channels, formed by 
the connecting pores, the deformation of the soil structure is slowed down. 
1 - ------
Constant settling rate 
Hindered settling 
Consolidation 
-+---~ 
0 ___________ _j_ ________ _ _____ J._ _ ______ __ __ 
0 1 2 3 
Days 
Figure 2.8. Settling and consolidation of a kaolinite suspension in a 
settling column. His the initial height and h is the meas-
ured bed height. 
Those estuarine fine sediment beds, which are controlled by the tide, occur in 
different stages of consolidation. Suspended sediment deposited at low flow ve-
locities are soft with a high water content and low aggregate shear strength. 
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While the aggregates are continually being deposited on the bed surface the bur-
ied aggregates are consolidating. 
Partheniades ( 1965) has described the actual consolidation process as occurring 
in a number of stages (figure 2.9). At the bed surface the floes are grouped into 
floc aggregates. Due to a combination of hindered settling and consolidation the 
aggregates begin to interact and form a network structure at its loosest state. 
During this process, the upward flow of pore water from the underlying sediment 
reduces the settling velocity to zero. As the flux of pore water reduces and the 
sediment continues to be brought closer together an effective stress is gradually 
being developed due to the virtue of the particle-to-particle contact. These 
stresses are very small and in general not measurable (Been and Stills, 1981 ). 
Generally, the transition from hindered settling to consolidation varies signifi-
cantly due to the deposition conditions, i.e. a sediment deposited slowly onto the 
bed will form a much more open structure than the same sediment deposited 
quickly (Stills and Elder, 1986; Stills, 1997) 
Schematic structure of flocculated 
bed at its loosest state 
Consolidation build up by an 
increasing overburden 
Densely packed bed 
Figure 2. 9. Schematic representation of the different consolidation 
stages (Partheniades, 1965). 
The primary consolidation begins, due to the increasing self-weight of the over-
lying deposit, when effective stresses are first developed. The primary consolida-
tion ends, when the excess pore water pressure (equal to the total stress minus 
the sum of the effective stress and the static pore water pressure) has completely 
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dissipated. During the primary consolidation the weakest bonds between the ag-
gregates will be broken first or the aggregates will deform and the network struc-
ture will gradually collapse increasing the over-all density. 
During secondary consolidation the bonds between the floes will be broken and 
the density will equal the density of the original floc but with voids between 
them. Further increase ofthe consolidation pressure will deform the floes and the 
voids will disappear. The density of the entire sediment will equal the density of 
the floes (Dyer, 1986; Partheniades, 1965). Secondary consolidation begins dur-
ing the primary consolidation due to the deformation and rearranging of the indi-
vidual particles because of the increasing overburden. The time scale involved in 
the secondary consolidation is in the order of months after the primary consoli-
dation ends. 
The fundamental equation in consolidation theory is the vertical force balance 
presented in eqation 2.6 and illustrated in figure 2.10. 
<J = <J1 + Uw (2.6) 
where cr is the total stress, cr' is the effective stress and u.. is the pore water 
pressure. 
Height [m] 
Water 
Pressure [N/m2] 
Figure 2. I 0. Schematic presentation of the stress distribution during 
consolidation 
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Equation 2.6 implies that the effective stress governs the load carried by the soil 
and the deformation of the soil structure. 
Measurements have shown that the total stress and the pore water pressure are 
equal at the interface (Michaels and Bolger, 1962; Been and Stills, 1981 ). When 
the first aggregates reach the bottom, a layer of higher density is formed and the 
increase in density grows linearly. At a certain density a soil structure is formed 
and the effective stresses are developed (Schiffinan et al., 1985). The develop-
ment of the density during consolidation has been considered theoretically by 
Kynch ( 1952), but using Kynch's method requires that the floes are incompressi-
ble (Dyer, 1986). The transition zone between the suspension and the bed occurs 
through a thin layer of measurable thickness separating the settling zone and the 
consolidation zone. Schiffman et al. ( 1985) reformulated the effective stress 
equation for the transition zone because the effective stress is non-zero but is not 
necessary equal to the difference between the total stress and the pore water 
pressure (Mehta, 1989). In figure 2.11, the modified equation is illustrated. The 
modified equation is as: 
a= ~(e)cr' + Uw (2.7) 
where the interaction coefficient , ~ is a monotonic function of the void ratio e 
(figure 7.2). Thus fore > e"' (defined in figure 2.11), ~ = 0 (no particle-particle 
contact); and for e < e. (defined in figure 2.11), ~ = 1 (full particle-particle 
contact). 
Rasmussen (1997) used a signoid function to describe the transition between the 
hindered settling and the consolidation zone enabling the numerical simulations 
to fit the measured time-varying interface. 
0 
Figure 2.11. Illustration of the form of~(e) (Schiffman et al. , 1985). 
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This effective stress equation enables a link between settling and consolidation 
via a modification of the basic equation for continuity of solids expressed in term 
of the void ratio e (Schiffman et al., 1985). The modified stress equation have 
been used in modelling the change in interface over time, e.g. (Shiffman et al., 
1985 and M01ler-Jensen, 1993). 
The two significant parameters regarding modelling of the consolidation of co-
hesive sediment are the permeability ( k ) and the deformation by means of the 
effective stress ( cr') (Toorman and Huysentruyt, 1997). These parameters are in-
fluenced by the void ratio and therefore the variation of the void ratio with depth 
and time is required in order to simulate the consolidation process. 
Toorman (1996) derived equation 2.8, which enables the computation of the 
time evolution of the density profile. The equation is derived using the Darcy-
Gersevanov law, describing the balance between the excess pressure gradient 
and the flow resistance, and the mass balance equation (Toorman and Huysen-
truyt, 1997). The equation requires the knowledge of the behaviour of the perme-
ability and the effective stress. 
aq, ()(v<!>) 
-+--at az (2.8) 
where <1> is the sediment volume fraction, v is the averaged sediment particle ve-
locity and Ss is the total sediment flux. 
2.2 The cohesive sediment 
Cohesive sediments are normally is a mixture of organic and inorganic material. 
Only in the run-off from glaciers does the outflow consist of fine mineral parti-
cles without organic material (Eisma et al., 1997). The organic fraction consists 
of e.g. bacteria, algae and faecal pellets. The inorganic fraction is characterized 
by its mineral composition and its particle size distribution. Fine-grained sedi-
ment is defmed as particles less than 63 j.lm and the clay fraction less than 2 j.lm. 
The degree of cohesion ("stickiness") rises with the proportion of clay minerals 
in the sediment and becomes significant when the sediment contains more than 
5-10% of clay (V an Leussen, 1988). Clay particles are plate-like structures with 
a length less that 2 j.lm, which is in the order 1 00 times the thickness. The spe-
cific surface area (area per unit weight) of a particle increases with decreasing 
particle diameter. Hence a large specific surface area corresponds to large cohe-
sion as the van der Waals force becomes strong (described in section 2.2.1 ). The 
specific surface area for estuarine mud is normally of the order of 10 m2/g 
(MAST, 1993). The surface of the particles has ionic charges making the 
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particles interact electrostatically. Thereby, they do not act as individual parti-
cles but can stick together as floes (described in the next section). The electro-
static forces are due to the chemical composition of the clay-particles where the 
surface of the clay particles consists of a negatively charged Si-0 layer. Gener-
ally, the clay minerals are classified in three major clay types with different co-
hesive potential: kaolinite (minor cohesive), illite (medium cohesive) and 
montmorillonite (highly cohesive). 
Michaels and Bolger (1962) and Krone (1962) devided the floc structure of co-
hesive sediments into 4 groups: primary particles (I J.Lm), flocculi (5 J.Lm), floes 
(50 J.Lm) and floc aggregates (>50 J..lm). This division is illustrated in figure 2.12. 
Primary Particles 
Flocculus 
Floc 
Aggregate 
Figure 2.12. Illustration of the floc structure. 
The porosity of the aggregates increase when particles flocculate resulting in a 
decrease in density (Van Leussen, 1988; AI Ani et al., 1991). The determination 
of the aggregate density is made from measurements of the settling velocity and 
the floc size. Direct measurements of the density have been made by settling of 
floes in sugar solutions of known densities. The aggregate will not sink or rise 
when the density of the aggregates is equal to that of the sugar solution (Gibbs, 
I 985). The differential density .1p is given by (p1 - p,J, where p1 is the floc den-
sity and P .. is the water density. The differential density as a function of the floc 
diameter is presented in figure 2. 13. 
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Figure 2.13. Differential density as a function of the aggregate 
diameter.(Redrawnfrom AI Ani et al., 1991) 
2.2.1 Flocculation and break-up of cohesive sediments 
The flocculation process is a combined physical and chemical process, where 
particles collide and depending upon their electro-chemical surface charge they 
can either form an aggregate or remain at their original structure. The colloidal 
interaction, which is the interaction between fine surface charged particles sub-
jected to Brownian motion, between the particles is especially important when 
regarding cohesive sediments, where the surfaces of the particles tend to be 
negatively charged and the edges positively charged. Furthermore, edge to face 
attraction between particles can lead to the formation of a "cardhouse" structure 
with a relatively low aggregate density. The overall particle charge is usually 
negative for clay minerals and its potential can be calculated by means of the 
zeta potential. The zeta potential varies from face to edge, and is also affected by 
the mineralogy of the particle, the pH and the ionic concentration in the sur-
rounding fluid. 
The attractive force, VA, which causes flocculation, is the van der Waals force. 
Generally, the van der Waals force is regarded as a very weak force. Assuming 
equal spherical particles the force is given by (Gregory, 1989): 
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(2.9) 
where A is the Hamaker constant, a is the radius of the particle and H is the 
shortest distance between the particles. 
As mentioned, the relatively large specific surface of the clay particles implies 
that the van der Waals force becomes significant. The van der Waals attractive 
force between the particles is a very short-range electromagnetic force, varying 
inversely with the 6th power of the intermolecular distance (Shaw, 1991). Fur-
thermore, the van der Walls force is considered to be independent of changes in 
the ionic concentration in the fluid. 
The electronegativity ofthe clay particles will cause repulsion between the parti-
cles. The repulsive force, VR, decreases exponentially with the distance between 
the particles (Shaw, 1991 ). The repulsive force is due to the electric double layer 
(figure 2.14). 
The electric double layer consists of two regions: an inner region, the Stem 
layer, where the adsorbed ions are placed close to the surface of the particle, and 
a diffuse region, where the ions are distributed due to the influence of electrical 
forces and diffusion. The adsorbed ions attached to the surface in the inner re-
gion are practically immobile. The potential change from \j10 at the surface to \j1 n 
in the Stem layer and decreases down to zero in the diffuse double layer. 
The effect of the repulsive force is dependent on the ionic concentration in the 
fluid, e.g. in saline water the high ionic concentration is reducing the repulsive 
force. For equal spherical particles, the repulsive force is given by (Gregory, 
1989): 
(2.10) 
where £ is the permittivity, k is Boltzmanns constant, T is the absolute tempera-
ture, y and K are coefficients which are slightly temperature dependent, e is the 
elementary charge, z is the valency of the ions. 
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Figure 2.14. The structure of the electric double layer. 
The total force or energy of interaction , Vr , between the particles is obtained by 
summation of the effect of the electric double layer and van der Waals energies. 
The double layer repulsion energy is an approximately exponential function of 
the distance between the particles with a range of the order of the thickness of 
the double layer ( 1/K) and the van der Waals attraction energy decreases as an 
inverse power of the distance between the particles. Consequently, the van der 
Waals attraction will dominate at small and at large interparticle distances. At in-
termediate distances double-layer repulsion may dominate depending on the ac-
tual size of the two forces. An example of calculated interaction energies 
between two particles are shown in figure 2.15. 
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Distance 
Figure 2.1 5. Potential energy curves for interaction. 
The energy barrier must be overcome in order for two particles to form an aggre-
gate. If the particles possess sufficient energy to overcome the energy barrier the 
particles reach the primary minimum, from which escape and consequently de-
flocculation would be very unlikely (Gregory, I 989). Increasing the ionic 
strength would therefore reduce the barrier height and hence permit primary 
minimum flocculation to occur. 
The most important condition for flocculation to occur is that the particles are 
very close together. This makes the number concentration of suspended particles 
important, as it increases the probability for the particles to collide. The three 
main mechanisms for collision between particles are (Mehta, 1989; Van Le-
ussen, 1986): 
1: Brownian motion. 
2: Turbulent motion. 
3: Differential settling 
The collision rate is given by (von Smoluchowski, 1918): 
(2.11) 
where n; and nj are the number concentrations of the i- and )-particles with di-
ameter d; and~- K is the collision frequency function, which is listed below for 
the three collision mechanisms (Van Leussen, 1986): 
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2 
2kT _Ru KsM = (Brownian motion) 3).! (d;dj) 
4 3 KTM = 3 RuG (Turbulent motion) 
21tg 3 
Kos = 9).! Ru ll.p(d; - dJ) (Differential settling motion) 
(2.12) 
(2.13) 
(2.14) 
where k is Boltzmann's constant, T the temperature, )l the water viscosity, Ru is 
the sum of the radii of the colliding particles, G is the turbulent velocity gradient 
defined as G = J t.lu , where £ is the dissipation and u is the kinematic viscosity 
of the fluid, g is the gravitational acceleration and ll.p is the difference in density 
between particles and water. 
The relative importance of the tree collision mechanisms for different particle 
sizes are compared in figure 2.16. The calculation are made using a fixed parti-
cle size d; for one of the particles and varying the second diameter « from 0.01 
to 1000 )lm. The fluid is water with a temperature at 25 degrees, the velocity 
gradient is 10 s·1 and the particle density is 2615 kg/m3 
The results in figure 2.16 show that the Brownian motion is only the predomi-
nant collisions mechanism forming particles of about 1 )lm from very fine parti-
cles. Generally, the effect of the Brownian motion is neglected because the 
Brownian motion is only effective at very high particle concentrations. At larger 
dimensions differential settling and turbulent motion are the dominant mecha-
nisms in collisions of the suspended particles, aggregates and floes. 
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Figure 2.16. Calculated collision frequency functions. 
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In the marine environment, the turbulent motion is considered as the most impor-
tant collision mechanism with differential settling becoming significant only dur-
ing slack water (Mehta, 1989). The theoretical considerations of the floc size as 
a function of turbulence level and suspended sediment concentration were pre-
sented by Dyer ( 1989) (cf. section 2.1.2). 
At relative low turbulent shear the floc size and the settling velocity are consid-
ered to increase with the suspended sediment concentration because the number 
of collisions increases. Thus yielding larger floes and higher settling velocity 
than the individual particles. Increasing the turbulence also increases the turbu-
lent pressure differences and the turbulent shear stress in the flow. Floes, which 
are not strong enough, will be broken up due to the turbulence, hereby limiting 
the floc size and the settling velocity (Mehta and Partheniades, 197 5; Van Le-
ussen, 1988). The floc break-up becomes more significant than the sediment 
concentration at higher turbulent shear, this limits the floc size and the settling 
velocity. 
Figure 2.17 illustrates the sedimentation and flocculation processes in a tidal 
area. During the slack water period, the turbulence is practically absent thereby 
enhancing the deposition process due to the increase in settling velocity. During 
the turbulent conditions the flocculated aggregates, with a lower strength than 
the shear stress, will be broken up near the bed and re-entained into the 
suspensiOn. 
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Figure 2.17. Sedimentation and jlocculation in a tidal area. 
Above slack water, below turbulent conditions 
(Van Rijn, 1989). 
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Lau ( 1994) investigated the temperature effect on the settling velocity and depo-
sition of cohesive sediments. The experiments showed that the settling velocity, 
which is very dependent on the flocculation process, increased with decreasing 
temperature. He argued that the change in the settling velocity was due to the 
change in the repulsive force with temperature (equation 2.1 0), while the attrac-
tive force remains the same (equation 2.9). Consequently, the flocculation and 
thereby the settling velocity increases. The temperature effect upon colloids was 
also investigated by (Rees and Rainville, 1989). Their results confirmed Lau's 
statement that the repulsive force is smaller at lower temperatures. 
2.2.2 Rheology of cohesive sediments 
Rheology is the study of the flow and deformation behaviour of materials (Bar-
nes et al., 1989). Generally, all materials are considered either to be Newtonian 
(obeying Newton's viscosity law) or Non-Newtonian. Suspensions of cohesive 
sediments can depending on the circumstances be placed in both groups, where 
in general the non-Newtonian behaviour increases with increasing sediment con-
centration. Cohesive sediment suspensions are visco-plastic (i.e. shear thinning) 
because the viscosity reduces with increasing shear (MAST, 1993). 
Modelling cohesive sediment transport especially regarding the movement of the 
fluid mud layer which can be generated by wave action and the erosion of con-
solidated mud layers require the knowledge of the rheological properties of the 
mud layers and the cohesive sediment suspension. The basic behaviour has been 
explained by Michaels and Bolger ( 1962), who investigated the rheological be-
haviour of a kaolinite suspension. Later, Williams (1986) extended the theory re-
garding the rheology parameters to include the free energy of interaction 
between particles. 
Cohesive sediment is a thixotropic material, which is the reversible reduction in 
magnitude ofrheological properties (e.g. yield stress and viscosity) with time af-
ter application of stress due to the break-up of the original structure (Bauer and 
Collins, 1967). Thixotropy is a typical behaviour of colloidal suspensions and is 
directly related to the shearing of the material and the time of the shearing. Once 
at rest, the structure slowly recover. Figure 2.18 illustrates a typical thixotropic 
behaviour, i.e. the down-curve lies below the up-curve. During the laboratory ex-
periment, the up curve is achieved be increasing the shear rate and vice versa. 
For further details see for example de Wit and Kranenburg (1996, 1997) and 
Jones (1997). 
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Figure 2.18. The thixotropic effect for a concentration of 163 kglm1 
(Redrawn from Jones and Golden, 1990) 
For cohesive sediments, steady state measurements of the shear stress and the 
shear rate do not result in a linear relationship because the aggregates in the sedi-
ment generally decrease in size as the shear rate increases. Various models are 
available for cohesive sediments that empirically correct for this change in struc-
ture with changing forcing. 
The Herschel-Bulkley model assumes the cohesive sediment only behaves as a 
fluid if the shear stress exceeds a yield stress 'tY (Herschel and Bulkley, 1926): 
(2.15) 
where 't is the stress acting on the fluid, 'tY is the yield stress, k and <1> are material 
coefficients and y is the shear rate, e.g. the velocity gradient. Thixotropic effects 
are not taken into account using this approximation. 
The Herschel-Bulkley model can describe both Newtonian and non-Newtonian 
models. The Herschel-Bulkley model has been used to describe the flow behav-
iour of cohesive sediments, e.g. De Wit and Kranenburg, 1996. For China Clay, 
(mainly kaolinite) the Herschel-Bulkley coefficients are presented in table 2.2 . 
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Concentration 'ty k <1> 
[kg/m3] [N/m3] [(N/m3 )*s4>] 
300 1.4 0.2 0.51 
400 2 .5 1.0 0.32 
500 3.0 3.5 0.21 
600 5.0 6.3 0.20 
Table 2.2. Herschel-Bulkley coefficients for the flow curves of 
China Clay (de Wit and Kranenburg, 1996). 
From a theoretical point of view the yield stress should correlate well with the 
critical shear stress for erosion (Williams, 1986). However, an experimental 
verification has not yet been given (MAST, 1993). 
Parameters affecting the rheological properties are the same parameters which 
influence the strength of the aggregation bonds because of the direct relationship 
between rheology and the structure of aggregates. These parameters are: sedi-
ment concentration, salinity, mineralogical composition, organic matter content, 
pH and redox potential (Berlamont et al., 1993). The dependency of the sedi-
ment concentration upon the rheological behaviour is presented in figure 2.19 
using River Parret fluid mud (Jones and Golden, 1990). The experiment was 
conducted using a Carri-Med controlled stress rheometer using a double concen-
tric cylinder geometry. This geometry consists of a circular channel into which is 
inserted a thin walled cylinder which minimize the error, e.g. due to sedimenta-
tion (Jones, 1997). The Carri-Med controlled stress rheometer is similar to a 
Couette viscometer (MAST, 1993). 
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Figure 2. I 9. Comparison of the up-curves with different concentra-
tions of River Parret mud {Redrawnfrom Jones and 
Golden, 1990). 
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Chapter 3 
The circular flume 
The present chapter describes the circular flume, which was used in the erosion 
and deposition experiments. The theoretical considerations and the experimental 
and numerical investigations regarding the configuration of the circular flume 
are analysed. Furthermore, the configuration of the circular flume is investigated 
thoroughly to quantify the secondary currents and the non-uniform distribution 
of the shear stress. 
For decades, the instrumentation widely used for the studying the erosional and 
depositional behaviour of cohesive sediments have been the circular flume, e.g. 
(Partheniades and Kennedy, 1966) (Graham et al. , 1992) and (Krishnappan, 
1993 ). The general idea behind the circular flume is to establish a uniform flow 
in an infmite long channel in which the basic erosion and deposition processes 
can be investigated, thus avoiding the return pumping of the suspension, which 
can destroy the aggregates. A benthic circular flume has been developed to 
measure the erosional behaviour of marine mud in-situ (Amos et al., 1992; Amos 
et al., 1992a; Maa, 1991; Black, 1997). 
3.1 The flume 
The circular flume is stationary and the flow field is induced by a rotating lid 
placed at the water surface (figure 3.1). It is 1.9 m in outside diameter, 20 cm 
wide and 26 cm deep. The lid fits inside the flume with a tolerance of 3.0 mm on 
both sides. The lid can rotate with variable speed between 0 and 3 m/s in either 
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direction. The flume has horizontal and vertical ports for the instruments used to 
measure velocity and turbidity. 
gf 
~'t 
200 ~ 1 I,. 
1000 
Figure 3.1. The circular flume (all measurements in mm). 
The turbidity measurements were carried out using an OSLIM turbidity sensor 
(Delft, 1991 ). The measuring method is based on the attenuation of a lightbeam 
from a LED, caused by light absorption and reflection due to the presence of 
particles. Light absorption depends in principle on the particle size distribution, 
but by pumping the suspension through a tube to the sensor the shear in the tube 
breaks the aggregates up thus limiting the error caused by a varying size distribu-
tion. Light absorption is also dependent on the surface of the particles, the con-
tent of organic matter, etc. Thus it is necessary to calibrate the instrument with 
each specific material. 
3.1.1 Hydrodynamics of the circular flume 
The disadvantages using the circular flume arise due to the curvature of the flow. 
Due to the centrifugal force a secondary flow is generated in the cross section of 
the flume. This is resulting in a non uniform distribution of the shear stress in the 
radial direction. Several investigations have been conducted to quantify the sec-
ondary flow, e.g. (Sheng, 1989). The concept of the circular flume have been 
modified so that the bottom and the lid rotate in opposite ways thereby reducing 
the secondary currents (Mehta and Partheniades, 1973; Parchure and Mehta, 
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1985; Krishnappan, 1993). Figure 3.2 illustrates the secondary flow behaviour in 
different flume configurations. 
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Figure 3.2. Secondary flow in a circular flume (Partheniades and 
Kennedy, 1966) (a) only lid rotating. (b) only flume 
rotating. (c) lid and flume rotating opposite 
Several investigations have been carried out using Laser Doppler Anemometery 
(LDA) to optimize the ratio between the flume and the lid in order to minimize 
the secondary circulation, e.g. (Petersen and Krishnappan, 1994; Krishnappan, 
1993). 
A knowledge about the relationship between the bottom shear stress and the lid 
velocity is necessary for a correct interpretation of the experimental results both 
with respect to erosion and deposition experiments. 
Velocity measurements were conducted using the present circular flume in order 
to evaluate the present relation between the lid velocity and bed shear stress de-
veloped by M0ller-Jensen (1993). The relation was developed using micro 
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propellers. The present flow measurements were conducted using a 1 component 
LDA system, manufactured by (Dantec, Denmark). 
The velocity distribution in the circular flume is in its structure quite complex 
due to the curvature. The present configuration of the circular flume does not 
make the measurements of all the velocity components possible in the entire 
cross section of the flume. This making the direct calculations of the respective 
shear stresses impossible. Therefore, a numerical model was set-up in the com-
mercial CFD software package CFX-F3D in order to simulate the flow pattern in 
the circular flume. The numerical model used in the simulations solves the 
Navier-Stokes equations combined with the k-£ turbulence model both formu-
lated in a cylindrical-polar coordinate system. In the simulations, the fluid was 
taken to be incompressible and the grid resolution was 20 * 80 in the cross sec-
tion. Different grid resolutions were investigated in section 3 .1.2. Each simula-
tion cover a 0.01 radian cross-section of the flume. The calculated tangential 
velocity is presented in figure 3.3 together with the measured velocity using the 
LDA obtained 1 cm above the flume bottom. Comparing the calculated and 
measured average velocities yielded a difference below 1%. The correlation, R, 
between the calculated and the measured velocity profile using linear regression 
was found to be better than 0. 9. 
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Figure 3.3. Calculated and measured tangential velocity profiles 
achived I cm above flume bottom. 
In figure 3.4, contours of the measured tangential velocities are shown. The ve-
locities are measured in the flume using clear water with a water depth of 0.23 m 
and a lid velocity of 0.587 m/s. The measurements indicate that the tangential 
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velocity is increasing across the flume from the inner wall towards the outer wall 
due to the curvature of the flume. The pattern found in the simulations is consis-
tent with the expected secondary flow that develops in the flume due to the radial 
pressure gradients. Furthermore, an example of the velocity distribution obtained 
from the simulations with a lid velocity of 0.587 rn!s is presented in figure 3.5 
with the same resolution as the measurements. 
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Figure 3.5. Velocity distribution in the circular flume (calculated). 
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The agreement between the measurements and the numerical model is good. The 
general tendencies are reproduced satisfactorily by the measurements and the 
level of velocity is captured well. Generally, the discrepancy is to a large extent 
due to the measurement resolution, which spatially was 2 cm, especially at the 
outer wall. Further velocity distributions are presented in appendix 1. 
In order to find an applicable relation between the bed shear stress and a charac-
teristic velocity, e.g. the lid velocity ( Ulid ) several possibilities have been inves-
tigated. In figure 3 .6, the normalized velocity across the flume width, is 
illustrated. The figure indicates that the dependency of the lid velocity is 
significant. 
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Figure 3. 6. Measurements of the tangential velocity normalized with 
the lid velocity 1 cm above flume bottom. 
In turbulent flows, the bed shear stress is not constant in time due to the variation 
in height of the laminar sub layer. Partheniades (1965) argued that the bed shear 
stress can be assumed normal distributed in time with the standard deviation ( cr,) 
given by equation 3 .1: 
(3 .1) 
where cr, is the standard deviation of the bed shear stress, 'th is the mean bed 
shear stress and Tlo is an empirical constant found to be equal to 2.75 (Einstein 
and El-Sarnni, 1949). 
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The bed shear stress was calculated using equation 3.2 and 3 .3 considering that 
the velocity profile near the bottom has a logarithmic variation. 
u 1 z 
-=-!n-Ul K zo 
(3 .2) 
(3.3) 
where u.r is the friction velocity, p is the density of water, K is the von Karman 
number equal to 0.4, z is the distance above the bed and z0 is a reference height 
which for a smooth bottom is the viscous distance O.Jvl u.r , where v is the kine-
matic viscosity. 
In figure 3. 7, the bed shear stress distribution across the flume cross section is 
presented. The bed shear stress in CFX-F3D was calculated directly and for 
comparison the velocity measurements, achieved 1 cm above the flume bottom, 
were used. 
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Figure 3. 7. Shear stress distribution across the circular flume. 
Lid velocity 0. 587 m/s. 
The discrepancy between the shear stress calculated in the numerical model and 
the calculations based upon the LDA measurements is probably due to the accu-
racy of velocity field measured using the ID LDA. Furthermore, equation 3.3 is 
an approximation that also can influence the results especially considering the 
wall effect in the circular flume. 
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The bed shear stress distribution (figure 3.7) and the related erosion can not be 
assumed even across the cross section of the flume. Graham et al. (1992) investi-
gated the erosion across the cross section of the stationary flume situated in 
Wallingford. The flume has a rectangular cross section 0.35 m deep and 0.4 m 
wide, and a outer diameter of 6 m. Their measurements indicated that the erosion 
was linear across the cross section due to a linear distribution of the bed shear 
stress. 
The investigations on the bed shear stress distribution in the present circular 
flume indicated that the distribution was neither linear nor constant across the 
flume width. However, the mean bed shear stress is used in the following and the 
magnitude of the error caused by this approximation was not studied. 
The mean bed shear stress versus the lid velocity is showed in figure 3.8. Analy-
sis of the mean bed shear stress and relating it to the lid velocity yields the best 
fit relationship of the form: 
(3.4) 
Equation 3.3 is quite similar to the one derived by M0ller-Jensen (1993) using 
micro-propellers for the velocity measurements. He obtained a constant of 0.29 
in equation 3 .4. 
The reliability ofthe regression was found toR= 0.98. Equation 3.4 is plotted in 
figure 3.8 along with the bed shear stresses achieved by the simulations. The 
standard deviation (cr) was estimated and found to 0.03 N/m2. The scatter plot 
for the calculated versus the bed shear versus the modelled bed shear stress is 
presented in figure 3.9. 
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3.1.2 Influence of grid resolution 
In order to check the grid independence of the numerical model a number of 
simulations were performed with different grid resolutions (20*20, 40*40, 20*80 
and 80*80) (figure 3.10). All profiles are obtained 1 cm above the bed with a 
water depth of 0.23 cm. Comparing the velocity profile area from the different 
simulations and the measured velocity profile showed that the error was decreas-
ing with increasing grid resolution from 5% for the 20 * 20 grid resolution to be-
low 1% for the 80 * 20 and 80 * 80 grid resolution. The reliability of the 
simulations were found toR> 0.9 for the 80 * 20 and 80 * 80 grid resolution. 
Furthermore, a typical simulation until steady state took up to 8 hours on a HP 
720 workstation with the 80 * 80 grid resolution whereas a 20 * 80 simulation 
took 2 hours. Therefore, the following simulations were performed using the 80 
* 20 grid resolution because increasing the grid resolution from 20 * 80 to 80 * 
80 not improved the results significantly. 
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Figure 3.1 0. Calculated and measured tangential velocity profiles. 
3.1.3 Influence of flume configuration 
Simulations were performed using different flume configurations, 2 ex1stmg 
flumes and 3 different designs, with the geometries presented in table 3 .1. The 
simulations were conducted using a lid velocity of0.587 m/s. The distribution of 
the bed shear stress is presented in figure 3.11 with the notation from table 3 .1. 
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Figure 3.11. The shear stress distribution in different flume configura-
tions. Notation from table 3.1. 
This was done in order to investigate the dependency of the secondary currents 
and the related cross section distribution of the bed shear stress. The calculations 
show that the distribution of the bed shear stress is approaching a more uniform 
distribution when increasing the radius of the flume. 
Width Outer Radius 
'th,rc.r 1:/>,.rcc 
[m] [m] [N/m2] [N/m2] 
Aalborg 0.20 0.95 0.110 0.030 
Wallingford 0.40 3.00 0.150 0.020 
Case 1 0.20 3.00 0.100 0.010 
Case 2 0.10 3.00 0.016 0.001 
Case 3 0.20 10.00 0.078 0.006 
Table 3.1. Results from numerical simulations with different flume 
configurations. 'th .rc.r is the resulting bed shear stress and 
'th .. rcc is the secondary bed shear stress component 
Calculating the twisting of the resulting stress vector from the tangential shear 
stress due to the curvature shows that it was reduced from 14 degrees (Aalborg) 
to 5 degrees (Case 3) and that the secondary bed shear stress in average is less 
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than 25% (Aalborg) down to 8% (Case 3) ofthe resulting bed shear stress. Com-
paring the influence of the secondary flow on the resulting bed shear stress the 
relative importance decreases from about 3% (Aalborg) down to below 0.5% 
(case 2 and 3). Moreover, comparing the calculations with the calculations done 
by Johansen et al. (1997) using a lid velocity of 1.5 rnls indicates that the relative 
importance of the secondary flow decreases with increasing lid velocity. 
The calculations indicated that the non-uniform distribution of the bed shear 
stress could to some extent be reduced using a large radius and a small width of 
the flume. If should be emphasized that the present calculations were conducted 
using a constant flume depth of 0.23 m and that the increasing wall effect with 
decreasing width was not studied. In relation to the experiments, the effect of the 
secondary flow is regarded as of minor importance. However, more investiga-
tions should be conducted to verify the suitability of the circular flume concern-
ing the application of the erosion/deposition formula (chapter 2). 
3.2 Discussion 
Generally, the bed shear stress has been the subject of many investigations re-
garding both the behaviour in time and the influence from suspended sediment, 
e .g. (Gust, 1976; Graham et al., 1992). 
It is evident that the presence of suspended sediment influences/dampens the tur-
bulence structure, i.e. the logarithmic velocity profile does not match the many 
field or experimental measurements (Gust, 1976; Soulsby and Wainwright, 
1987) leading to difficulties when calculating the bed shear stress under the pres-
ence of suspended sediment. In order to account for the presence of sediment nu-
merical simulations were conducted by Gallard et al. ( 1997) using a Reynolds 
Stress Model. Their simulations showed that the presence of suspended sediment 
reduced the bed shear stress with more than 15%. Gust (1976) stated that the 
bottom friction velocity could be reduced by as much as 40% in the presence of 
sediment. Furthermore, Gallard et al. ( 1997) states that the well-known Rouse 
profile is not valid in circular flumes due to generating of turbulence at the roof, 
unlike in the field where it is almost completely produced at the bottom and has 
to fight against high concentration gradients to reach the upper part of the water 
column. Therefore, vertical concentration profiles are most often seen homoge-
neous in circular flumes. Laboratory experiments conducted in the circular flume 
during deposition experiments indicate that the statement is valid (figure 3.12). 
The initial concentration in the experiment was 3 kg/m3 and the bed shear stress 
was 0.05 N/m2• 
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This implies the need for advanced numerical models in order to account for the 
presence of suspended sediment and the significant change in the bed shear 
stress. The resulting shear stress at the lid is probably not affected by the sus-
pended sediment. The consequence is a larger flow velocity due to the reduced 
wall friction and therefor is the bed shear stress probably not affected. 
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Figure 3.12. Suspended concentration profiles. 
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Chapter 4 
Erosion of cohesive 
sediments 
This chapter deals with the theoretical and experimental aspects regarding the 
erosion of cohesive sediment beds. The laboratory experiments have been con-
ducted using an articificel clay mineral, kaolinite, with the properties described 
in section 4.2. The experimental investigations were performed in the circular 
flume presented in chapter 3. 
4.1 Procedure 
With the experimental set-up, it was possible to analyse how the critical shear 
stress for erosion and the erosion rate depends upon the bed shear stress and the 
consolidation time. The experimental procedure included three phases: 
1. Mixing (phase 1 ), in which the sediment was brought into suspension with a 
shear stress large enough to prevent the suspended material to deposit. 
2 Deposition and consolidation (phase 2), during which the particles flocculate 
and deposit on the flume bottom because the bed shear stress is reduced to 
zero. The sediment starts to consolidate subsequently to deposition. 
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3 Erosion (phase 3), during which the sediment will be eroded in steps with in-
creasing bed shear stress. Theoretically, the suspended sediment concentra-
tion should reach a constant concentration, because the bed shear stress 
eroded the sediment down to the depth where the bed shear stress equalled 
the shear strength of the sediment, provided that the duration of each erosion 
step is sufficient. 
A schematic description ofthe phases is shown in figure 4.1. 
Bed shear stress 
L---J---------------------~--------------------~ Time 
I Tm Tph2 I T1 I T2 I T3 I T4 I Ts I 
I Phase 1
1 
Phase 2 Phase 3 
Figure 4.1. The procedure used in the erosion experiments where 
T1 = T2 = T3 = T4 = 1'; . 
4.2 The sediment 
The present section describes the cohesive sediment used in the laboratory ex-
periments. Commercially available kaolinite was used instead of natural mud in 
order to be able to reproduce the laboratory experiments. Kaolinite is a well 
known and investigated mineral especially regarding the erosion and deposition 
processes. 
4.2.1 Particle size distribution 
As mentioned in section 2.2, the cohesive properties are related to the particle 
size distribution and the contents of clay particles as they relate to the magnitude 
of cohesion. The size distribution of the applied kaolinite was determined using 
a hydrometer and is presented in the figures 4.2 and 4.3. 
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Figure 4. 3. Grain size distribution of applied kaolinite using 
distilled water. 
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The experiments conducted differ because of the addition of a so-called peptisa-
tor which hampers the tlocculation process. The difference is significant from 
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the second experiment where the sediment is allowed to settle and flocculate in 
distilled water. The mean diameter (d50) shifts from 2.2 )..tm to 4.3 )..tm and the 
clay fraction changes from 42% to 10%. 
The particle size distribution was also determined using an optical measuring 
unit, Microtrac II. The mean diameter (d50) was measured as 2.7 )..tm and did not 
change significantly when using ultrasound to prevent flocculation. 
4.2.2 Viscosity 
The viscosity of the applied kaolinite was investigated using a Brookfield DVII 
viscometer. The present viscometer was unsuitable to investigate the rheological 
properties of cohesive sediments because the only possibility to introduce shear 
was with the maximum shear. This did not allow insight into the rheology prop-
erties of kaolinite except the viscosity as a function of the initial concentration 
(figure 4.4). 
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Figure 4.4. The change in viscosity as a function of concentration. 
4.2.3 Attenberg limit 
The Attenberg limit is a physical characterization of the material. The limit is a 
measure of how much water the material is able to adsorp. The results from the 
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experiments are presented in table 3.1 and for comparison values from Ho Bay 
and Esbjerg harbour is included (M0ller-Jensen, 1993). 
Plasticity limit Liquid limit Plasticity index 
[%] [%] [%] 
Kaolinite 35 47 12 
Ho bay 53 126 73 
Esbjerg harbour 46 100 55 
Table 4.1. Attenberg limits (Analysis described by Lund, 1981). 
4.2.4 CEC - cation exchange capacity 
The CEC is generally accepted as the best parameter to characterize the cohesive 
properties of the sediment (MAST, 1993). High values are normally an indica-
tion of strong cohesive bonds. However, the combined effect of CEC and SAR 
(sodium adsorption ratio) can give decreasing critical shear strength with in-
creasing CEC at high SAR values (Kandiah, 1974). 
The chemical characterization of the mud/material is typically done by measur-
ing the cation exchange capacity. The CEC of sediments is related to the ero-
sional behaviour of the bed and the settling velocity of flocculated sediment 
suspensions in natural waters (MAST, 1993). 
Ariathurai and Arulanandan (1978) showed, that the erosion rate varied strongly 
with changes in CEC. The erosion rate decreased with increasing CEC, which is 
expected due to the fact that the CEC is a measure of the exchangeability of the 
cations. Results form the CEC experiments of kaolinite is presented in table 4.2 
together with measurements conducted using mud from the Danish Wadden Sea 
(M0ller-Jensen, 1993). 
CEC 
[meq/ 100g dry weight] 
Kaolinite 3 
Ho bay 27 
Esbjerg harbour 25 
Table 4.2. CEC for different materials. Analysis described by Gillman, 
1979. 
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The CEC for natural marine mud can vary from 2 to approximately 100 
meq/1 OOg dry soil. The CEC for kaolinite, which is the least cohesive of the 
main clay minerals, vary from 5 to 20 meqllOOg dry soil (Kandiah, 1974). The 
experiment conducted indicate that the kaolinite, used in the laboratory experi-
ments, is in the lower part of th~ reported interval. 
4.3 Reproduction of experimental results 
In order to evaluate the capability to reproduce the erosion of cohesive sedi-
ments in the circular flume preliminary experiments were conducted using an ini-
tial kaolinite suspension of 10 kg/m3 with a water depth of 0.23 m and a 
consolidation period of 12 hours. 
The results of the reproduction experiments are presented in figure 4.5 and show 
some smaller deviations in the suspended sediment concentration when the ex-
periments were repeated. However, the critical shear stress for both experiments 
were the same ( 0.1 N/m2 ) . 
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Figure 4. 5. Reproduction experiments. 
In order to analyse the experiments statistically, using a Wilcoxon rank-sum test, 
the experiments are assumed independent and nonparametric. The test was per-
formed applying the null hypothesis that the experiments are identical and 
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thereby reproducible. The test was based on the suspended sediment concentra-
tion achieved at the end of each erosion step for the two experiments. 
The result of the Wilcoxon rank-sum test was that the null hypothesis, at a 0.05 
level of significance, was accepted and that there is no significant difference be-
tween the two experiments. Further details on the Wilcoxon rank-sum test can be 
found in standard text-books on statistics such as Walpole and Myers (1993) or 
Ross (1987). 
4.4 Experiments 
The erosion experiments were conducted in tap water with a temperature ranging 
from 20 to 23 °C. The samples for measuring the suspended sediment concentra-
tion were taken out of a depth of 13 cm and sampling was done every 2. minute 
interval. The bed shear stress was kept constant during each erosion step. The 
concentration of the initially suspended sediment was respectively 25 and 50 
kg/m3 • Table 4.3 shows the data for the experiments using the notation from fig-
ure 4.1. 
Erosion experiments 
Phase 1 Tm [hours] 2 
'tnr [N/m2] 1.8 
Phase 2 r;,h ] [hours] 12, 24 
'tphl [N/m2] 0 
Phase 3 1'; [hours] 4 
't; (N/m2] 0.05, 0.10, 0.15, 0.20, 
0.25, 0.30, 0.36 
Table 4.3. Data for the erosion experiments. 
4.4.1 Results 
The results from the erosion experiments are presented in figure 4.6 and 4.7. The 
erosion experiments show the expected tendency regarding the increase in sus-
pended sediment concentration as a function of increasing bed shear stress. The 
increase in consolidation time also affects the erosive abilities of the cohesive 
sediment as a result of the associated increase in bed shear strength. The 
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dependency of the initial concentration indicates that the change in bed shear 
strength from 12 to 24 hours consolidation is increasing. The major change in 
suspended sediment concentration at 50 kg/m3 is obtained with a bed shear stress 
of 0.3 N/m2 and the change is highly dependent upon the consolidation period. 
The erosion rate is found directly from the change in concentration (oC) at the 
beginning of the erosion step. The erosion rate can then be found by: 
E =hac 
at (4.1) 
where h is the water depth and oC/ot is the concentration gradient at the begin-
ning of each erosion step. 
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Figure 4.6. Erosion results for 12 and 24 hours consolidation time 
with initial concentration 25 g/1. 
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Figure 4. 7. Erosion results for 12 and 24 hours consolidation time 
with initial concentration 50 gll. 
The shear strength as a function of the eroded depth was estimated through in-
situ density measurements in the circular flume conducted using the ultra high 
concentration meter (UHCM) from Delft Hydraulics (Delft, 1994). The concen-
tration profiles were measured for each step in the erosion experiment starting 
with the concentration profile at the end of phase 2 and thereafter at each in-
crease in the applied shear stress. The measurements were conducted at the end 
of each step and the duration of each measurement was approximately 5 minutes. 
The use of the UHCM does not disturb the sediment bed significantly (chapter 
7). The measured concentration profiles are shown in figure 4.8- figure 4.11. 
The measurements indicated that the concentration profiles are almost constant 
throughout the erosion experiment with respect to concentration level but the 
change in bed height is significant. The increase in concentration due to the in-
crease in consolidation time is only of minor importance. Furthermore, the meas-
urements showed that the surface concentration is constant. 
59 
s 
~ 
s g1 
0 
.D 
0 
0 
16 120 
0 L-...L_~__L-=~_c___J 0 '---'----~---'-~--'--' 
150 150 0 50 100 150 0 50 100 150 
! 28 36 I 
so 100 150 0 50 100 150 0 50 100 150 0 5 0 100 150 
Concentration [g/l] 
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ducted with a 12 hours consolidation time and initial sus-
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conducted with a 12 hours consolidation time and initial 
suspended concentration of 50 g/1. 
Figure 4. 11. Concentration profiles during the erosion experiment 
conducted with a 24 hours consolidation time and initial 
suspended concentration of 50 g/1. 
The resulting shear strength profiles assuming the shear strength to be equal to 
the previous applied bed shear stress are shown in figure 4.12 and 4.13 . The 
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figures are indicating that the shear strength increasing with depth and consolida-
tion time. This increase in the shear strength with depth is due to the flocculated 
aggregates, formed while the sediment is in suspension, are crushed due to the 
increase in the overburden pressure after they deposit. Furthermore, the initial 
suspended concentration is shown to be significant with respect to the shear 
strength. 
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Figure 4.12. The critical shear stress versus depth for initial concen-
tration 2 5 g/1. 
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Figure 4.13. The critical shear stress versus depth for initial concen-
tration 50 g/1. 
The experimental results are analysed with respect to the erosion rate using 
equation 4.1 obtained from the concentration measurements and the measured 
water depth presented in figure 4.14. Additionally, the regression line is illus-
trated. The regression line is based upon the non-linear erosion rate as a function 
of the excess shear stress and yielded: 
(4.2) 
where the constants were found to be: E0 = 43.1 kg/(m2 s) and n = 3.5. 
The determination of the regression line did not show any clear dependency but 
the non-linear tendency is the same as reported by (Lavaelle et al., 1984; DHI, 
1990; Olsen and Kjelds, 1991; Johansen et al., 1994). 
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4.5 Discussion 
The pattern found for the different initial suspended concentrations did show the 
same tendencies as previous erosion investigations using marine mud with a non-
linear increase in the erosion rate as a function of the excess shear stress, e.g. 
(Lavaelle et al., 1984; DHI, 1990; Olsen and Kjelds, 1991; Johansen et al., 
1994). Experiments using marine mud have shown that the erosion rate vary up 
to the power 4 with the excess shear stress (Johansen et al., 1994; DHI, 1990). 
In order to increase the determination of the erosion rate the choice of bed shear 
stress should be considered. The present experiments were conducted using a 
constant excess shear stress of L:1t ~ 0.05 N/m2 • Parchure (1984) suggested an 
20% increment of the previous bed shear stress. This continuous increment 
should increase the determination of the erosion rate versus the excess shear 
stress, e.g. (Mehta et al., 1982; Johansen et al., 1997). 
4.6 Conclusion and further investigations 
The experiments conducted indicate that the erosional behaviour of kaolinite is a 
function of the consolidation time and the excess shear stress. The experiments 
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indicate that the initial suspended concentration is important when considering 
the erosion of the cohesive sediments. Moreover, the results were affected by the 
choice in excess bed shear stress. 
The use of the UHCM in determination of the density during the erosion experi-
ments proved successful. The UHCM allows a more precise determination of the 
actual change in bed height and density development during the erosion experi-
ment. The density measurements showed that the change in bed height was sig-
nificant and the density profiles were constant throughout the erosion 
experiment. 
In order to establish a more comprehensive description of the erosion process the 
effect of the initial concentration should be investigated in more detail. This 
should be done to determine the possible dependency of the critical shear stress 
upon the initial concentration. Furthermore, the knowledge of the change in the 
resulting bed shear stress as a function of the change in bed height should be in-
corporated into the experimental and analysing procedure. 
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Chapter 5 
Deposition of cohesive 
sediments 
This chapter contains an analysis of experiments with deposition of kaolinite in 
flowing turbulent water. The purpose of the analysis is to identify the physical 
processes that can explain the depositional behaviour of cohesive sediments. 
Furthermore, the experiments are conducted to evaluate the suitability of the cir-
cular flume with respect to the determination of the deposition characteristics of 
cohesive sediments. The sediment used in the experiments was kaolinite with the 
properties presented in section 4.2. 
5.1 Reproducibility 
Preliminary experiments were conducted both to evaluate the capability of the 
circular flume to reproduce the deposition experiments and determine the suffi-
cient time period for the establishment of the equilibrium concentration as men-
tioned in section 2.1.3. The deposition period should be long enough to deposit 
the entire suspended sediment which is able to deposit at a given bed shear 
stress. 
The experiments presented in figure 5.1 indicate that the measuring time should 
be more than 48 hours to achieve equilibrium concentration. Additionally the ex-
periments indicate that the deposition experiments are reproducible with the pre-
sent set-up. 
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Figure 5. I. Determination of the measuring period during deposition. 
Initial concentration: C0 = 3.4 kglm3 and the bed shear 
stress: 'th = 0. 07 Nlm2. 
5.2 Experiments 
The experiments were performed in the circular flume presented in chapter 3. 
Deposition experiments were made with varying initial concentrations and vary-
ing average bed shear stress. The specification of each experiment is shown in 
table 5.1. 
Series u, [m/s) 
'tb [N/m2) C0 [kg/m3) 
1 
2 
0.415 0.05 1, 2, 4, 8 
0.415, 0.587, 0.830, 0.05, 0.10, 0.20, 2 
1.017, 1.100 0.30, 0.35 
Table 5.1. Specifications ofthe experiments. ~:lid velocity, 'th: 
average bed shear stress, C0 : initial concentration. 
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5.3 Results 
Plotting the C/C0 ratio from various initial concentrations (series 1) indicates 
that the Cc/C0 ratio is constant for a given bed shear stress (figure 5.2) and the 
equilibrium concentrations are presented in table 5.2. Furthermore, the differ-
ence between the individual patterns found in figure 5.2 implies that flocculation 
can have an increasing effect upon the depositional behaviour of the cohesive 
sediment. 
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Figure 5.2. Deposition with varying initial concentration and constant 
shear stress: 'tb = 0.05. 
ccq [kg/m3] C.q /C0 
1 0.12 0.05* 
2 0.09 0.05 
4 0 .12 0.03 
8 0.38 0.05 
Table 5.2. Equilibrium concentration. Ceq: equilibrium concentration 
at the end of the experiment. * denotes that the value is ex-
trapolated. 
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The experiments from series 2 are presented in figure 5.3. The suspended sedi-
ment concentration first decreases due to deposition and then approaches a con-
stant value, which is referred to as the "equilibrium concentration". The ratio 
between the equilibrium concentration and the initial concentration depends on 
the bed shear stress. The equilibrium concentrations are presented in table 5.3. 
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Figure 5. 3. Deposition with initial concentration: C0 = 2 kglm3 and 
varying shear stresses. 
'tb ceq [kg/m3] Ccq /Co 
0.05 0.09 0.05* 
0.10 1.02 0.51 
0.20 1.64 0.82 
0.30 1.68 0.84 
0.35 1.72 0.86 
Table 5.3. Equilibrium concentration. *denotes that the value is ex-
trapolated 
The Ce/C0 ratio increases with increasing bed shear stress. This pattern is similar 
to that found in the literature, e.g. (Mehta and Parteniades, 1975) and (Lau and 
Krishnappan, 1992). 
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Plotting the C./C0 ratio against the bed shear stress the results from the deposi-
tion experiments fall around a single line. This pattern has also been found by, 
e.g. (Mehta and Partheniades, 1975). Furthermore, it is indicated in figure 5.4 
that there exists a critical shear stress, 'tb,min' below which no sediment can remain 
in suspension. From the experiments conducted 'tb,min :::::: 0.03 N/m2 for the sus-
pension of kaolinite in tap water. 
1.0 
0.8 
0 0.6 
u 
--0' 
Cl) 
u 0.4 
0.2 
0.0 
0.0 0.1 0.2 
2 
'tb [N/m ] 
0 0 
0 .3 0.4 
Figure 5. 4, The ratio Ccq IC11 plotted against bed shear stress 'tb 
5.4 Discussion 
The deposition of cohesive sediments is dependent of the laboratory apparatus 
and its flow field. As pointed out already by Partheniades and Kennedy ( 1967) 
the secondary currents generated by the annular flume have an effect on the equi-
librium concentration and the rate of deposition. The results presented show that 
the relatively higher secondary currents in the present set-up compared with the 
flumes used by e.g. (Krishnappan, 1993), (Mehta and Partheniades, 1975) and 
(Partheniades and Kennedy, 1967) have an effect on the deposition experiments 
as implied by the larger measuring time. The experiments also indicate that the 
secondary currents affect the critical shear stress for deposition. Mehta ( 1986) 
reported critical shear stresses for kaolinite to 0.15 N/m2 and Verbeek et al. 
(1992) obtained critical shear stresses for lake and marine mud in the order of 
0.08 N/m2• The discrepancies between the different experiments are probably not 
only due to the experimental set-up but also to some extend due to the variation 
in the sediment and fluid characteristics. 
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5.5 Conclusion and further investigations 
The present investigations showed that the apparatus is suitable for conducting 
deposition experiments. When the bed shear stress dropped to a lower level the 
suspended sediment concentration decreases and approaches the equilibrium 
concentration. The experiments indicated that the equilibrium concentration is 
dependent upon the initial concentration and the bed shear stress. The pattern 
found for the critical bed shear stress did show the same tendencies as previous 
deposition investigations using both kaolinite and marine mud. Finally, the ex-
periments indicate that the experimental set-up is suitable for further investiga-
tions on deposition of cohesive sediments. 
In order to improve the present understanding of deposition of cohesive sedi-
ments further investigation should pay attention to the particle size distribution 
during the deposition process and the settling velocity of the particles/floes in-
cluding the change in density as a function of order of aggregation. Furthermore, 
the influence of the initial concentration upon the deposition of cohesive sedi-
ments, using numerical transport models in combination with a flocculation 
model as proposed by Krishnappan, ( 1991) should be investigated. 
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Chapter 6 
Settling velocity of 
cohesive sediments 
The settling velocity is essential for a correct description of the suspended trans-
port of the sediment and for the description of the deposition as mentioned in 
chapter 2.1.3. Experiments were conducted both in the laboratory and in the 
field. The experiments in the laboratory using kaolinite, with the properties pre-
sented in chapter 4, were made with the purpose to investigate the settling be-
haviour with varying salinity and level of turbulence. The settling characteristic 
of kaolinite have been thoroughly investigated, e.g. (Lau, 1994; Mehta and Par-
theniades, 1975; Mehta and Lott, 1987; Van Leussen, 1986). The in-situ investi-
gations were conducted in order to determine the variation of the settling 
velocity during a tidal circle as a function of the changing level of turbulence 
and suspended concentration. 
The general perception about the settling velocity measured in Owen tubes is 
that it is mainly related to the initial suspended sediment concentration. As men-
tioned in section 2.1.2, the following equation is generally accepted, e.g. (Krone, 
1962; Mehta, 1986; Van Leussen, 1988; Van Rijn, 1989): 
(6.1) 
where k is an empirical constant and m is an empirical exponent. 
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Equation 6.1 has mainly been evaluated by Owen tubes, but the experiments 
conducted using the in-situ video system in the Ems Estuary could not show any 
relation between the settling velocity and the suspended sediment concentration 
(Van Leussen and Comelisse, 1992). The application of equation ( 6.1) into nu-
merical models has widely been used when simulating cohesive sediment trans-
port, e.g. (Ali et al., 1992; Teisson, 1991 ). 
6.1 Experimental set-up 
The method introduced in this study is based on a vertical recirculating settling 
column with an oscillating grid, which generates turbulence. This approach was 
also described by, e.g. (Van Leussen, 1986) and (Wolanski et al., 1989, 1992). 
The columns developed by Van Leussen and Wolanski et al. can be character-
ised as a batch-type settling column (like the Owen tube) with the possibility to 
introduce turbulence. Unlike the Owen tube the column described in this chapter 
has a continuously recirculating flow of suspended sediment (Rasmussen and 
Larsen, 1996), which has the advantage of keeping the sediment concentration 
constant in time and space. This way the column can be used to determine a 
more correct description of the influence of the suspended concentration. In the 
Owen tube method the concentration vary during an experiment. 
The instrumentation used for measuring the settling velocity is the settling col-
umn. The settling column is 1.2 meters high with a width and depth of 0.30 me-
ters (figure 6.1). 
Turbulence is generated by 11 oscillating grids, spaced 0.1 m apart- equal to the 
length of the stroke. Each grid consists of 6 rods with a diameter of 0.01 meter. 
Turbulence is controlled by the frequency of the oscillation. Comprehensive ex-
periments for the calibration of the relation between the movement of the grid 
and the generation of turbulent kinetic energy have been carried out (Rasmussen 
and Larsen, 1996). 
A pump is continuously recirculating the suspended sediment through the col-
umn. At the inlet a diffuser assures that the suspension is evenly distributed 
across the cross section. The concentration was measured indirectly via the tur-
bidity with a OSLIM turbidity sensor. To ensure that the concentration measure-
ment is independent of the floc size the suspension is being pumped through a 
hose and the OSLIM sensor with high velocity and shear, which break up the 
floes. The relation between concentration and turbidity was found by a standard 
filtration and weighting method. 
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Figure 6.1. The settling column (Rasmussen and Larsen, 1996) 
(all measurements in centimetres). 
A simple way to characterise the turbulence is by the average turbulent velocity 
gradient G, defined by Camp and Stein, 1943: 
G = ~ ~v' (6.2) 
where £ is the turbulent dissipation (assumed equal to the generated turbulent ki-
netic energy by the grid) and vis the dynamic viscosity of the suspension. 
The G-value in the settling column was determined by the following equation 
(Rasmussen and Larsen, 1996) 
(6.3) 
where a is an empirical constant equal to 0.212, CD is the drag coefficient, k is 
the number of grids in the column Ag is the surface area of a grid, V is the vol-
ume of the tank, a is the stroke and T is the period. 
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The settling velocity is determined from the continuity equation for the mass flux 
of sediment assuming steady state conditions. Thereby the flux in the inlet zone 
equals the flux in the uniform zone yielding, cf. figure 6.2: 
Flux;n/et = Flux uniform zone (6.4) 
or 
(6.5) 
or 
W 
= W (Cinlet- Cuniformzone) 
,\' p 
C uniform zone 
(6.6) 
where ~~ is the flow velocity in the column, W,. is the settling velocity, C inlct is 
the inlet concentration and C,m!form zone is the concentration in the uniform zone. 
The application of this simple form of the continuity equation neglecting the dis-
persion term is justified by the fact that there is no transport due to dispersion in 
the uniform zone because of the lack of a concentration gradient here . 
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Figure 6.2. Example of measured steady state suspended sediment 
profile in the settling column. The calculated settling ve-
locity was 0. 07 mm/s. 
76 
In order to determine the settling velocity continuously, the basic set-up of the 
settling column have to be changed from the recirculation principle to a batch 
type principle. Hence achieving a varying inlet concentration yields a non-steady 
state concentration profile in the column. Relating a given inlet concentration to 
the correct concentration in the column can be solved using standard time series 
theory. 
The settling velocity can be derived using a numerical model solving the one-
dimensional transport-diffusion equation (equation 6.7), assuming that the diffu-
sion coefficient is constant and the flow is steady. 
ac = (w+ w.)ac + Da2c 
dt .\ dz (}z2 (6.7) 
where C is the suspended concentration, w is the mean current velocity, D is the 
diffusion coefficient, t is the time and z is the space coordinate. 
Equation 6.7 can be solved numerically using finite difference or finite element 
techniques, which can be found in standard text-books as (Pantakar, 1980) or 
(Mesinger and Arakawa, 1976). Note that the diffusion term in equation 6.7 re-
quires 3 measuring points to be resolved correctly. 
The diffusion coefficient can be determined using different types of tracers, i.e. 
fluorescent dyes, radioactive isotopes or inorganic salts. The analytical solution 
to the one-dimensional transport-diffusion equation for a delta function as initial 
condition is given by (Fisher et al., 1979) and can be used to estimate the diffu-
sion coefficient in the column by fitting the measured concentration at a given 
point: 
m [ -(x - wt)2 J c(x, t) = ~ exp 4D 
.;4rtDt t 
(6.8) 
where m is the source strength, x is the distance from the point source to the 
measuring point and t is the time from start of the dosage. 
6.2. Laboratory experiments 
In order to be able to reproduce the settling experiments, commercially available 
kaolinite were used with the characteristics presented in chapter 4. In table 6.1 
the data for the settling experiments is presented. 
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Concentration (C) 0.5, 2.0, 5.0 kg/m3 
Salinity ( C,.) 0.0, 0.25, 0.50, 0.75, 1.0, 2.0, 5.0 o/00 
Turbulence ( G ) 3, 6, 13 sec·1 
Table 6.1. Characterization of kaolinite and data for the settling 
experiments. 
The settling experiments were conducted in artificial sea-water with varying sa-
linity and temperature from 20 to 23 °C. The salt water-kaolinite mixture was 
first homogenised by strong stirring by the grid. Subsequently, the mixture was 
recirculated until a uniform and steady state concentration profile in the settling 
column was obtained (figure 6.2). 
6.2.1. Experiments and results 
The results from the settling experiments are shown in the figure 6.3 and the in-
dividual experiments are presented in appendix 2. The experiments showed a 
strong increase of the settling velocity with increasing suspended sediment con-
centration. The effect of salinity on the settling velocity showed an increase until 
approximately 0.5 - 1 per thousand, then dropping down to around 20%- 50%. 
Furthermore, the experiments indicate that the effect of turbulence at high con-
centration is considerable. The settling velocity is more than doubled when low-
ering the level of turbulence from 13 sec·1 to 3 sec·1• At the low concentration the 
effect of variation in salinity is not significant. Moreover, the experiments at low 
sediment concentration indicate that the settling velocity approaches a constant 
level around 0 .02 mm/s independent of variation in turbulence level. 
In order to make the results presented in figure 6.3 applicable for numerical 
modelling the analyses of the experimental results yielded the best fit relation of 
the form: 
(6.9) 
were the constants were found by regression: m = 1.3 I o-s, m1 = 6.3, m2 = 1.19, 
m 3 = 0.07, m4 = 1.73 and W0 = 0.024, given the suspended sediment concentra-
tion, C0, in kg/m
3
, Gin sec·1, the salinity concentration, c., .• in per thousand and 
the settling velocity in mm/sec. 
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Figure 6.3. Settling velocity versus salinity. Lines obtained using 
equation 6. 9. 
The correlation between the calculated and the measured settling velocities using 
linear regression was found toR= 0.98. The standard deviation (a) was found to 
6.0 w-J mm/sec· 1• 
6.3 In-situ experiments 
The in-situ experiments were conducted in the harbour of Esbjerg and the river 
Varde in the period from 3/3-5/3 1997 (figure 6.4). 
Esbjerg harbour is situated in the south western part of Denmark at the Wadden 
Sea. Its one of the biggest harbours in Denmark containing over 8 km of berth. 
The total amount of dredged material in the harbour accounts for 300.000 -
350.000 m3 on an annular basic (N0rgaard, 1997). River Varde is located in the 
northernmost part of the Wadden Sea discharging an annual mean flow of 13 
m3/s (Pejrup, 1986). 
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Figure 6. 4. Map over the study area (Redrawn from Pejrup, 1 988) 
The settling velocity was measured using the settling column presented in figure 
6.1. The basic set-up of the settling column was changed to a batch type princi-
ple. This was done to determine the settling velocity continuously. The experi-
ments were conducted using a constant level of turbulence equal to a velocity 
gradient of 8.55 sec·1 (using equation 6.3 with a water temperature 5 oc and ape-
riod of 1 0 sec) and the measurements were made twice every hour. The suspen-
sion was taken out at 1 0 cm above the sea bed and pumped to the inlet. Sensors 
were placed at the top of the column to maintain a constant water level and a 
pump at the outlet ensured a continuous withdrawal of 1 1/s, which yields a reten-
tion time of approximately 1 ~ hour. The turbidity measurements were carried 
out using a OSLIM-like sensor. For practical reasons only one measuring point 
was obtained. 
Calculations were made to determine the cross correlation between the inlet con-
centration and the concentration measured in the column based on the principles 
outlined in Larsen ( 1997). The cross correlation function for the measurements is 
presented in figure 6.5. 
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Figure 6. 5. Cross correlation function. t is the time displacement. 
The figure indicates that the time displacement is in the order of 60 minutes. 
This means that when calculating the settling velocity for a given inlet concen-
tration the matching concentration in the column is time displaced 60 minutes. 
6.3.1. Experiments and results 
The measurements of the suspended sediment concentration at river Varde and 
Esbjerg harbour is presented in figure 6.6 and 6.7. 
The level of suspended concentration was in the order that was reported by, e.g. 
Pejrup (1988) and Pejrup (1991). The level of the suspended sediment concen-
tration is highly depended upon the weather conditions. During the period of 
measurements the weather condition was very calm. However, suspended sedi-
ments concentrations measured 2 weeks before under stormy conditions showed 
that the concentration level was 4 times higher. Generally, the measurements 
conducted in the harbour of Esbjerg show a significant influence of the tide 
which is not present in the measurements in river Varde. 
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Figure 6. 7. Suspended sediment concentration at river Varde. 
In figure 6.8 and 6.9, the calculated settling velocity for Esbjerg harbour and 
river Varde is presented. The settling velocity was calculated using equation 6 .6 
where each inlet concentration was related to the column concentration obtained 
60 min later. 
82 
0.05 
0.04 
,.._, 
(.) 
Cl) 0.03 
U) 
a 0.02 
8 
'---' 0.01 ;:.... 
...... 
·-(.) 0.00 0 
........ 
Cl) 
-0.01 
> 
00 
-0.02 ~ 
·-
-
...... 
...... 
Cl) -0.03 
Cl) 
·0.04 
-0.05 
0 5 10 15 20 
Time [hours] 
Figure 6.8. Apparent settling velocity (neglecting diffusion) 
(Esbjerg harbour). 
0.14 
,.._, 
0.12 (.) 
Cl) 
U) 
a 0.1 0 
8 
'---' 
0.08 
;:.... 
0.06 ..... 
....... 
(.) 
0 0.04 ........ 
Cl) 
> 
00 0.02 
~ 
·-
0.00 ........ 
:t:: 
C1) 
-0.02 Cl) 
·0.04 
25 
0 5 10 15 
Time [hours] 
Figure 6.9. Apparent settling velocity (neglecting diffusion) 
(river Varde). 
However, time displacing the column concentration did not solve the problem 
regarding negative settling velocities, which was caused by the relatively large 
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changes in the inlet concentration and the neglect of the diffusion in the settling 
column. 
Therefore, a numerical model solving the one-dimensional transport-diffusion 
equation (equation 6.7) was set-up in order to estimate the settling velocity. The 
transport-diffusion equation was solved numerically using an explicit finite dif-
ference scheme. The scheme was the Forward Time Central Space scheme 
(FTCS). The upper boundary condition was the measured inlet concentration, 
the lower boundary was modelled using only convection and the initial boundary 
condition was the measured column concentration at the beginning of the experi-
ments. The space step was 0.1 m, the time step was 60 sec and the mean current 
velocity was 1.85 1 o-4 rn/s. 
The dispersion in the column was determined using Rodamine-B tracer. 
Rodamine-B was introduced at the top of the column instantly as a point source. 
Using equation 6.8 with x = 0.57 m, u = 1.85 1 o-4 m/s and normalizing the con-
centration with the initial concentration (m equals 1) yields figure 6.10 The best 
fit of the modelled versus the measured concentration estimated D to 6 1 o-s m/s2 
(R = 0.98). 
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Figure 6.11 and 6.12 presents the suspended column concentration measured in 
Esbjerg and river V arde versus the column concentration obtained using the nu-
merical model. 
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Figure 6.12. Suspended column concentration in river Varde. 
The best fit for both stations yields a constant settling velocity of 0.01 mm/s. The 
standard deviation between the measured concentration and the modelled con-
centration was found to 1 mg/l (Esbjerg) and 4 mg/1 (river Varde). Linear regres-
sion coefficients were calculated for both stations and yielded R = 0.92 (Esbjerg) 
and R = 0.97 (river Varde) 
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6.4 Discussion 
Laboratory experiments 
The general level concerning the settling velocity at high concentration and low 
turbulence level agrees with the findings by (Whitehouse et al, 1960; Lau, 1994; 
Mehta and Lott, 1987; Van Leussen, 1986). They reported settling velocities for 
kaolinite in the order of 0.01 to 0.1 mm/sec. The decrease in the settling velocity 
as a function of increasing salinity is probably caused by the formation of macro-
floes with lower densities at the higher salinity. The experiments from White-
house et al. (I 960) did not show a decrease in the settling velocity. The methods 
conducted by Whitehouse et al. (1960) to measure the settling velocity were the 
Anderson pipette method, the Kelley-Wiegner method and the Oden balance 
method. However, the experiments conducted by Migniot ( 1968) using the An-
derson pipette method, showed that the settling velocity increased with increas-
ing salinity reaching its maximum at about 2 per thousand and the settling 
velocity remained almost constant up to about 30 per thousand. This was done 
for suspended sediment concentrations of 2 g/l. If, however, the initial concen-
tration was 10 g/1 or more the settling velocity was faster at 5 per thousand than 
at 30 per thousand, thus indicating that the decreasing density resulted in a de-
crease in the settling velocity. 
The experiments presented here indicate that equation 6.1 needs to be modified 
with respect to turbulence when working in high turbidity areas, where the sus-
pended sediment concentration > 1 g/1. Especially considering that the turbu-
lence level in estuaries generally is ranging from G= 1 to 10 sec· 1 (Van Leussen, 
1988). This is also emphasized by the measurements in the Ems Estuary, where 
Van Leussen and Cornelisse (1992) found that the settling velocity varied during 
the tidal cycle up to an order higher that what was measured with conventional 
settling tubes. 
In-situ experiments 
The numerical modelling ofthe settling column showed good agreement with the 
experimental data obtained from the in-situ experiments. The settling velocity 
obtained from the numerical modelling is a constant velocity independent upon 
the suspended sediment concentration. This is in contrast to the results obtained 
in the laboratory and reported in the literature, as mentioned in chapter 2. How-
ever, the level of suspended concentration ( < 50 mg/1) have scarcely been inves-
tigated making definitive conclusions difficult. 
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6.4 Conclusion 
The laboratory experiments have shown that the recirculation column with an os-
cillating grid is suitable for measuring the settling velocity. Moreover, the set-
tling column allows insight into the flocculation and aggregation processes for 
fine sediments. 
The laboratory experiments indicate that the settling velocity of kaolinite is de-
pendent on the suspended sediment concentration and the turbulence level. Fur-
thermore, the settling velocity was found to be less affected by the variation in 
salinity than results reported from Owen tube experiments. The experiments em-
phasise the need to expand the present empirical formulation regarding the set-
tling velocity also to take the level of turbulence into the formulation. 
The in-situ experiments on Esbjerg harbour and river Varde was simulated nu-
merically. The model was able to simulate the transient conditions in the settling 
column. The simulation showed that the settling velocity is independent upon the 
suspended sediment concentration below 50 mg/l. Generally, the experiments 
showed the necessity for further investigation regarding the settling velocity at 
very low concentrations ( < 100 mg/1). 
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Chapter 7 
Consolidation of 
cohesive sediments 
The present chapter describes the laboratory experiments. The experiments pre-
sented are both conducted in the circular flume and in a sett-ling column. Gener-
ally, kaolinite, with the properties presented in chapter 4, was used in the 
consolidation experiments. It is not the scope of the chapter to determine the per-
meability ( k ) or the deformation by means of the effective stress ( a' ). 
7.1 Experimental setup and instrumentation 
Consolidation experiments were conducted in a settling column (figure 7.1). The 
possible influence on the settling behaviour due to the wall friction is overcome 
by the relative large diameter of 0.2 m. Experiments were conducted comparing 
the height ofthe interface between the settling column and a column with a outer 
diameter of0.06 m. The experiments indicated a difference between the different 
set-ups and thereby that the wall friction could be significant with a diameter be-
low a certain value. A minimum diameter of 0.1 m is recommended (MAST, 
1993). 
The density distribution were measured directly using a penetrating acoustical 
probe, the ultra high concentration meter (UHCM) (Delft, 1994). The probe con-
sists of two sensors with a 0.5 cm diameter and placed 4 cm apart and the 
UHCM is able to measure the density in the interval 0 - 1000 kg/m3 • The 
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measuring method is based on the attenuation of a wave signal. Therefore, it is 
necessary to calibrate the instrument with each specific material. 
Figure 7.1. The experimental consolidation set-up. 
7.2 Reproducibility and sensitivity of consolidation 
experiments 
Experiments were conducted in order to investigate the reproducibility of the 
consolidation experiments. The experiments were performed with an initial con-
centration of 47 kg/m3 and a consolidation period of 24 hours. The results are 
presented in figure 7.2 and indicate that the present set-up is able to reproduce 
the experiments. 
Generally, the reproducibility of consolidation experiments is low between dif-
ferent laboratories, probably due to the lack of standardization of the consolida-
tion test (MAST, 1993). In the MAST report, a standard set-up is presented 
including the mixing of the mud, the filling of the column, the column diameter, 
constant temperature and the characteristic parameters to be monitored. 
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Figure 7. 2. Two reproduction experiments. 
Not only the suspended sediment concentration is of importance conducting con-
solidation experiments but also the water depth. Consolidation experiments were 
conducted using different water depth with the same suspended sediment con-
centration of 25 kg/m3 • The density was measured 1 cm above the column bot-
tom. The results from the experiments are presented in figure 7.3. 
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Figure 7.3. Water depth dependency. 
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The experiments clearly show that the increasing water depth and thereby the in-
crease in the potential overburden is of great importance concerning the consoli-
dation of cohesive sediments (as mentioned in section 2.1 .4). Furthermore, the 
experiments indicate that the primary consolidation is practically completed 
within 2 days. The same tendency was indicated when measuring the interface 
(figure 2.8). 
Additionally, experiments were conducted in order to investigate the significance 
of the mixing of the suspension. The difference in mixing of cohesive sediments 
between the erosion experiments (chapter 4) and the consolidation experiments 
is significant considering the change in particle size in the flume and the ex-
pected uniform distribution across the settling column. Therefore, experiments 
were conducted in order to achieve the same particle sorting as found in the cir-
cular flume. The mixing in the consolidation experiment was therefore per-
formed using a metal stick rotating at a high speed at the outer wall. The initial 
suspended sediment concentration was 25 kg/m3 and the consolidation period 
was 24 hours. The results of the experiment are presented in figure 7.4. 
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Figure 7. 4. Concentration profiles across the settling column. 
Large particles will be transported and deposited at the centre of the column if 
the settling velocity of the particles is less than the upwards fluid velocity in the 
centre of the column. Hence, the density measurements show significant sorting 
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of the particles. Therefore, when using density profiles obtained from the tradi-
tionally set-up of the consolidation experiment the mixing of the suspension 
should be "tea cup like" in order to achieve approximately the same particle size 
distribution as the one obtained in the circular flume. However, it should be em-
phasized that this conclusion is only valid for stationary circular flumes. 
Finally, investigations were conducted to determine the possible disturbing influ-
ence from the UHCM probe. The initial suspended sediment concentration in the 
experiments were 25 kg/m3 and 50 kg/m3 with a water depth of 0.23 m. Initially, 
the density was measured continuously in the same way as the previous investi-
gation. Thereafter, the experiment was repeated and the density profile was 
measured at different time intervals by lowering the UHCM probe into the sedi-
ment bed. The results presented in figure 7.5 indicate that the UHCM probe does 
not disturb the sediment noticeably. 
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Figure 7. 5. Experiment conducted to determine the influence 
from the UHCM probe. 
7.3 Primary consolidation 
Primary consolidation experiments were conducted to investigate the consolida-
tion behaviour of kaolinite during primary consolidation. The consolidation ex-
periments were conducted using tap water with an initial concentration of 50 
kg/m3 and a water depth of 0.23 m. The result of the experiments are presented 
in figure 7.6. 
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The results presented in figure 7.6 follow the typical pattern found by, e.g. (Been 
and Stills, 1981) and (Stills and Elder, 1986). During the experiment the inter-
face moves downwards, while a region of higher density grows upwards from the 
bottom of the column. The height of the interface is presented in table 7 .1. 
10 
e 
~ 
e 
0 
!j 
0 
.0 
C1) 
El 
.0 
"' 1:: 
Oil 
·~ 
::c 
0 50 100 150 200 250 
Concentration [kg/m1) 
--<>- 10 min --<>- I Zll min --<>- 721l min 
--<>-- 60 min --<>- 240 min -o- 1440 min 
Figure 7. 6. Concentration profiles with different consolidation periods. 
Measurements with initial concentration of 50 kg/m3• 
Consolidation time Height of the interface 
[min] [cm] 
30 34.5 
60 24 
120 17 
240 12 
720 7 
1,440 5 
Table 7.1. Results from the experiments. 
The density continues to increase as the sediment consolidates. Furthermore, the 
concentration increases with the consolidation time from 50 kg/m3 at the begin-
ning of the experiment to a maximum concentration at about 200 kg/m3 at the 
bottom. 
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7.4 Self weight consolidation during erosion 
The density development during the erosion experiment was investigated. As 
mentioned in chapter 4, the calculation of the erosion rate requires the knowl-
edge of the density profile with respect to the consolidation time. At present, the 
basic assumption in the calculations is that the density profile is achieved from 
the consolidation experiments conducted with the same consolidation period and 
that the density is assumed constant throughout the erosion experiment, e.g. (Me-
hta et al., 1982) and (Parchure, 1984). Therefore, experiments were conducted in 
order to investigate this assumption. 
7.4.1 Experiments and results 
The experiments were performed with initial concentrations of 25 kg/m3 and 50 
kg/m3• The water depth was 0.23 m. The results are presented in figure 7.7 and 
7.8. 
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The experiments presented in figure 7.7 and 7.8 show that the bed surface level 
slowly is decreasing during the consolidation experiment which also is indicated 
in figure 2.9. The measurements indicate with the present resolution that the den-
sity profile at an initial concentration of 25 kg/m3 remains constant throughout 
the consolidation process. At an initial concentration of 50 kg/m3, the change in 
the density profile is significant at the early stages and thereafter approaching a 
more constant level. 
In figure 7.9 and 7 . I 0, the measured density from the erosion experiments (chap-
ter 4) and the consolidation experiments is presented. The densities are measured 
1 cm above the flume/column bottom. 
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7 .4.2 Discussion 
Comparing the measured densities in figure 7.9 and 7.10 clearly illustrates that 
using the density profile obtained from the consolidation experiments in the cal-
culations of the bed shear strength implies that the bed shear strength will be un-
derestimated. The differences between the erosion and the consolidation 
experiments can be due to the different particle sorting in the apparatus. 
The present experiments were conducted with a time interval of 4 hours. In the 
erosion experiments, the bed shear stress is kept constant for the different time 
intervals. The time interval is ranging from 0.5 hour to 25 hours but generally 
the time interval is around 1 hour, i.e. (Kuijper et al., 1989) and (Parchure and 
Mehta, 1985). The experiments conducted indicate that the density profile 
changes significantly at the beginning of the erosion experiment (chapter 4). 
Thereby, increasing the sensitivity of the determination of the bed shear strength 
using the density profile obtained in the consolidation column which emphasizes 
the need for determination of the density in the erosion apparatus. 
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Furthermore, measuring the density profile in the circular flume enables a more 
precise determination of the eroded depth used in the calculations of the erosion 
rate constant. 
7.5 Discussion and conclusion 
The present study of the primary consolidation of cohesive sediments has shown 
that the results of the consolidation experiments follow the expectations concern-
ing increasing concentration down through the sediment bed and increasing con-
centration with increasing consolidation time. 
The investigations showed that the consolidation experiments are reproducible 
when using kaolinite and that the influence of the water depth upon the consoli-
dation is significant. Experiments were conducted to determine the possible dis-
turbing effects of using a penetrating UHCM probe for the measurements of the 
density profile. No significant effects were found. 
The investigations of the density development during erosion experiments indi-
cate that the assumption regarding a constant density profile throughout the ero-
sion experiment is acceptable. However, it was found that the level of density 
was different comparing the measurements conducted in the circular flume with 
the settling column. This has to be considered in the calculation of the bed shear 
strength. Generally, the investigation demonstrated the need for determination of 
the density in the actual erosion apparatus. 
Finally, the use of the UHCM probe to determine the density profile in the circu-
lar flume enables a more precise measurement of the height of the bed, and 
thereby, improving the calculation of the erosion rate. 
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Chapter 8 
Conclusion 
This thesis attempts to quantify the main processes regarding the transport of co-
hesive sediments especially the erosion, deposition and settling processes. This 
is done by evaluating the present theories in the laboratory. The possibility of re-
producing the experiments and the uncertainty related to the experiments Is 
evaluated using kaolinite in order to be able to reproduce the experiments. 
Erosion 
The experiments conducted with respect to erosion of cohesive sediments did 
show that the present description of the erosion process, being depended upon 
the consolidation time and the shear strength, is acceptable. However, the experi-
ments indicated that the initial suspended concentration was significant regard-
ing the erosional behaviour. The density measurements indicated that the surface 
density was constant throughout the erosion experiment even though the bed 
height decreased. 
Deposition 
The deposition experiments conducted in the laboratory showed that the sus-
pended sediment concentration decreases and approaches the "equilibrium con-
centration". The experiments emphasise the need to modify the formulation 
regarding deposition to be able to describe the actual deposition experiment, i.e. 
the suspended sediment concentration decreases and approaches the equilibrium 
concentration. The equilibrium concentration is dependent upon the initial 
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concentration and the bed shear stress. The experiments showed that the deposi-
tion of cohesive sediments is dependent of the flow configuration and that the 
secondary currents do affect the critical shear stress for deposition. The results 
indicate that the experimental set-up is suitable for further investigations on 
deposition of cohesive sediments. 
Settling of cohesive sediments 
The settling velocity experiments have shown that the recirculation column with 
an oscillating grid is capable of measuring the settling velocity as a function of 
the suspended sediment concentration, turbulence and salinity. 
The experiments indicate that the settling velocity of kaolinite is dependent on 
the suspended sediment concentration, the turbulence level and the salinity of the 
fluid. The settling velocity was found to be less affected by the variation in salin-
ity than results reported from Owen tube experiments. The effect of salinity on 
the settling velocity showed an increase until approximately 0.5 - 1 per thousand, 
then dropping down around 20 % - 50 %. The experiments emphasise the need 
to expand the present empirical formulation regarding the settling velocity also 
to take the level of turbulence into the formulation. 
The experiments indicated that the effect of turbulence at high concentration is 
considerable. The settling velocity was more than doubled when lowering the 
level of turbulence from 13 sek·' to 3 sek·' . At the low concentration the effect of 
variation in salinity was not significant. Moreover, the experiments at low sedi-
ment concentration indicated that the settling velocity approaches a constant 
level around 0.02 m.m/s independent of variation in turbulence level. 
The measurements conducted in Esbjerg harbour clearly showed the significant 
influence from the tidal currents upon the suspended sediment concentration 
whereas the measurements conducted in the river Varde did not show any de-
pendency. The numerical model developed in order to simulate the settling col-
umn yielded a constant settling velocity of 1 * 1 o-s m/sec. The settling velocity 
obtained is lower that reported in the literature for in- situ settling velocities. 
However, the level of suspended sediment concentration of the reported in-situ 
experiments is generally higher than what was measured in Esbjerg harbour and 
river Varde. 
Consolidation 
The present study of consolidation of cohesive sediments have shown that the re-
sults of the consolidation experiments follow the exceptions with respect to 
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increasing concentration down through the sediment bed and increasing concen-
tration with increasing consolidation time. The investigation of the density de-
velopment during erosion experiments indicate that the present assumption 
regarding a constant density profile throughout the erosion experiment is 
acceptable. 
Perspective 
In order to improve to present understanding the following ideas are suggestions 
to further investigations regarding the behaviour of the cohesive sediments. 
Erosion 
Density measurements conducted in the erosion apparatus. 
The effect of the initial concentration. 
The change in the resulting bed shear stress as a function of the change 
in bed height should be incorporated into the experimental procedure. 
Deposition 
Settling 
The particle size distribution during the deposition experiment. 
The settling velocity of the particles/floes . 
The change in density as a function of order of aggregation. 
The settling velocity dependency at low concentrations. 
The change in settling velocity due to temperature effects. 
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Appendix 1 
Circular flume velocity 
The present appendix contains contour plots of the tangential velocity in the cir-
cular flume. The velocity field was detennined from numerical modelling with 
CFX and a standard k-E turbulence describtion, resolution 80 * 20 grid points. 
Distance from inner wall [cm] 
Figure Al. I. Velocity distribution in the circular flume. 
Lid speed 0.1 m/s. 
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Figure Al.2. Velocity distribution in the circular flume. 
Lid speed 0. 2 5 m/s. 
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Figure A1.3. Velocity distribution in the circular flume. 
Lid speed 0. 7 5 m/s. 
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Figure A1.4. Velocity distribution in the circular flume. 
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Figure Al.5. Velocity distribution in the circular flume. 
Lid speed 1.5 m/s. 
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Appendix 2 
Measurement of settling 
velocity of kaolinite 
The present appendix consists of plots of the measured settling velocity obtained 
in the recirculating settling column and presented in chapter 6. This includes a 
data table with the initial data relating the settling velocity to the suspended sedi-
ment concentration, the salinity and the level of turbulence. 
The solid line on the figures A2.1 - A2.9 is the regression equation 6.7 described 
in section 6 .12. 
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Figure A2. 1. Settling velocity versus salinity. Initial concentration 
5 kglm1, turbulence level 3 sec·'. 
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Figure A2. 2. Settling velocity versus salinity. Initial concentration 
5 kglm1, turbulence level 6 sec·'. 
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Figure A2. 3. Settling velocity versus salinity. Initial concentration 
5 kg/m3, turbulence level 13 sec·1. 
0.05 
0.04 
f! 0.03 
-= _.,_ 
0.02 ! ! 
0.01 
0.00 
0 2 3 4 5 6 
Salinity [per thousand] 
Figure A2. 4. Settling velocity versus salinity. Initial concentration 
2 kglm3, turbulence level 3 sec 1. 
123 
,.--, 
u 
~ 
Cl'.l 
a 
s 
..__, 
;;... 
..... 
....... 
u 
0 
........ 
~ 
> 
b.O 
I:: 
....... 
........ 
..... 
..... 
~ 
Cl) 
,........., 
u 
0 
Cl'.l 
a 
s 
..__, 
;;... 
...... 
....... 
u 
0 
-0 
> 
b.O 
= ....... 
-
...... 
...... 
0 
Cl) 
0.05 
0.04 
0.03 
t r T T ~ 
0.02 
I ! ! f 
0.01 
0.00 
0 2 3 4 5 6 
Salinity [per thousand] 
Figure A2. 5. Settling velocity versus salinity. Initial concentration 
2 kg/m3, turbulence level 6 sec· 1. 
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Figure A2. 6. Settling velocity versus salinity. Initial concentration 
2 kg/m3, turbulence level 13 sec·'. 
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Figure A2. 7. Settling velocity versus salinity. Initial concentration 
0.5 kglm1, turbulence level 3 sec·1• 
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Figure A2. 8. Settling velocity versus salinity. Initial concentration 
0.5 kglm1, turbulence leve/6 sec·1. 
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Figure A2. 9. Settling velocity versus salinity. Initial concentration 
0. 5 kg/m3, turbulence level 13 sec 1. 
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Salinity Turbulence Settling velocity 
[per thousand] [1/sec] [mm/sec] 
0.5 kg/m3 2 kg/m3 5 kg/m3 
0.000 3.000 0.023 0.024 0.050 
0.250 3.000 0.023 0.032 0.125 
0.500 3.000 0.023 0.028 0.131 
0.750 3.000 0.020 0.020 0.125 
1.000 3.000 0 .020 0.021 0.119 
2.000 3.000 0.017 0.017 0.110 
5.000 3.000 0.018 0.015 0.086 
0.000 6.000 0.020 0.023 0 .039 
0.250 6.000 0.020 0.022 0.048 
0.500 6.000 0.021 0.021 0.059 
0.750 6.000 0.020 0.021 0.067 
1.000 6.000 0.017 0.020 0.069 
2.000 6.000 0.017 0.018 0.059 
5.000 6 .000 0 .016 0.015 0.057 
0.000 13.000 0.026 0.026 0.040 
0.250 13.000 0.023 0.024 0.051 
0.500 13.000 0.021 0.021 0.048 
0.750 13.000 0 .019 0.020 0.045 
1.000 13.000 0.018 0.019 0.045 
2.000 13.000 0.017 0.018 0.040 
5.000 13.000 0.016 0.017 0.040 
Table a2. I. Data obtained from settling experiments. 
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